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Abstract
Energy consumption and greenhouse gas emission of the building sector have been
continuously increasing in recent decades due to the population growth and demand for
better indoor thermal comfort. Desiccant cooling is an attractive option for tackling these
challenges as desiccant cooling systems are mainly driven by low-grade thermal energy
and consume less electricity and fossil fuels as compared to conventional vapourcompression air-conditioning systems. On the other hand, phase change materials (PCMs)
with the ability to provide high energy storage densities and the characteristics to store
thermal energy at a relatively constant temperature have attracted increasing attention for
developing high-performance air-conditioning systems. This thesis aims at developing,
evaluating and optimising phase change enhanced desiccant cooling systems. Two novel
approaches to enhancing the desiccant cooling system with PCMs were developed,
including a desiccant wheel cooling system using hybrid photovoltaic/thermal-solar air
collector (PV/T-SAC) and PCM thermal energy storage (TES) unit, and a liquid desiccant
dehumidifier using a new phase change enhanced desiccant solution.
A dynamic simulation system of the desiccant wheel cooling system with PV/T-SAC and
PCM TES unit was developed using the TRNSYS simulation software and numerical
models were developed for the main components. The solar thermal contributions (STCs)
of using the PV/T-SAC and PCM TES unit to regenerate the desiccant wheel were 100%,
96.5% and 82.6% under the regeneration temperatures of 60 ℃, 65 ℃ and 70 ℃,
respectively. Using the simulation system, an energy and exergy analysis of this desiccant
wheel cooling system was then implemented based on annual simulations. The results
showed that the exergy destruction of the overall system was mainly contributed by the
PV/T-SAC. The energy performance was substantially influenced by the desiccant wheel
thickness and the total amount of the PCM used. A simulation-based optimisation strategy
was then developed to identify the optimal design of the desiccant wheel cooling system
with PV/T-SAC and PCM TES. The optimisation strategy was formulated by combining
the integer-based genetic algorithm and response surface method. The twenty-year life
i

cycle cost (LCC) of the system was used as the objective function of the optimisation.
The results showed that the LCC of the system using the optimal design was reduced by
32.4% and 31.2% and the initial investment of the system was reduced by 34.8% and
29.0%, as compared to the systems using two baseline designs, respectively. The
influence of economic factors on the optimal design and LCC of the system was also
investigated. The results showed that the optimisation results were mostly influenced by
the electricity sale price.
The phase change enhanced desiccant solution was prepared by dispersing microencapsulated PCMs (MPCMs) into the base fluid of Lithium Chloride (LiCl) desiccant
solution. The properties of the phase change enhanced LiCl (PCM-LiCl) desiccant
solution were characterised either through direct measurement or theoretical analysis. The
results showed that the thermal capacity of the PCM-LiCl desiccant solutions was
substantially increased in the melting range of the MPCMs. The vapour pressure of the
PCM-LiCl desiccant solution decreased due to the existence of the MPCM particle as
compared to the LiCl solution without using the MPCMs. A lab-scale test rig was then
developed to evaluate the performance of an adiabatic packed-bed dehumidifier using the
PCM-LiCl desiccant solution. The experimental results showed that the moisture removal
performance of the liquid desiccant dehumidifier using the PCM-LiCl desiccant solution
was substantially improved by adding the PCM. The highest relative improvement of
moisture transfer rate achieved in the experiments was 22.3%.
The findings obtained from this thesis could greatly facilitate the design and development
of desiccant cooling systems enhanced by PCMs and improve the deployment of such
systems, which is expected to substantially reduce energy consumption and greenhouse
gas emission of the building sector.
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A

area (m2), or a constant in Eq. (2.11)

Afin

surface area of fin (m2)

Apv

area of the PV panel

b0, bi, bii, bij

coefficients.

C

cost ($)
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specific heat capacity (J/kg K)
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E

thermal energy (kWh)
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velocity gradient
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exergy loss rate from the component to ambient
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operating factor
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wind convection coefficient (W/m2 K)

Isolar

solar radiation (W/m2)

It

global solar irradiation (W/m2)

k

thermal conductivity (W/m K)

L

length (m)

M

mass (kg), or mass per unit area (kg/m2) in Eq. (3.6)

ṁ

mass flow rate (kg/s)

NPCM

number of PCM layers

nt

total time steps of concern

nyear

number of years
xv

p

pressure (Pa)

P

power (W)

Ppur

electricity purchase price ($/kWh)

Ppv

power generation of the PV panels (W)

Psale

electricity sale price ($/kWh)

PT

vapour pressure at a given temperature (Pa)

q

heat flux density (W/m2)

Q

thermal power and thermal load (W)

𝑄̇𝑐ℎ𝑎𝑟

thermal energy charged into the TES unit (kWh)

𝑄̇𝑙𝑜𝑠𝑠

thermal energy loss from the TES unit to ambient (kWh)

R

gas constant (J/(K mol))

RH

relative humidity

r

discount rate

s

entropy J/(K kg)

T

temperature (℃)

t

time (s)

T1, T2

lower and upper limit of the phase change process respectively (℃)

t1, t2

start time and end time respectively

TPC

PCM phase change temperature (℃)

Tsun

sun temperature (K)

v

velocity (m/s)

V

volumetric air flow rate (m3/s)

W

humidity ratio (kg/kg)

Wd

width of the PV/T-SAC (m)

x

variables, or distance from the entry of the tube in Eq. (2.6)

xm

mass fraction

xm,LiCl,e

equivalent ionic concentration of lithium chloride

xv

volume fraction

Y

performance indicator

y

objective function or predicted response

α

absorptivity, or thermal diffusivity in Eq. (2.10)

α0–α3

coefficients

αR

equivalent thermal conductivity depression
xvi

β1-β3

coefficients

δ

thickness (m)

δDW

desiccant wheel thickness (m)

Δp

pressure drop (Pa)

δPCM

PCM TES unit air channel depth (m)

δPV/T-SAC

PV/T-SAC air channel depth (m)

Δx

length of the control volume (m)

εm

moisture transfer effectiveness

ηdeh

dehumidification effectiveness

ηfan

fan efficiency

θ

ratio of the mass flow rate of the regeneration air to that of the process
air, or reduced temperature in Eq. (5.12)

θc-s

core-shell weight ratio

θmt

coefficient to determine the maintenance cost

θPV

PV factor which is the ratio of the PV/T area to the total area of the
PV/T-SAC

π0-π8, π25

coefficients

ρ

density (kg/m3)

σ(x1)-σ(xn)

uncertainties of variables.

σtotal

combined uncertainty of a performance indicator

υ

specific volume (m3/kg)

Subscripts
a

air

acce

accessory

amb

ambient

ap

absorber plate

ave

average

b

bulk

bf

base fluid

bp

bottom plate

c

core

char

charging
xvii

eff

effective

EH

electric heater

eq

equilibrium or equivalent

evap

evaporation

g

glass cover

in

inlet

ini

initial

LD

liquid desiccant

op

operating

out

outlet

pri

primary

pro

process

PS

PV/T-SAC

pv

PV panel

reg

regeneration

s

shell

sat

saturation

sc

solar contribution

sec

secondary

sup

supply

v

vapour

w

water

xviii

Glossary
ANOVA

analysis of variance

BYK349

polyether modified siloxane surfactant

CaCl2

calcium chloride

CD

composite desiccant;

COP

coefficient of performance

CT

cooling tower

DCOP
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Chapter 1 Introduction
1.1 Background and motivation
The escalating energy consumption and associated greenhouse gas emission of the
building sector is one of the most significant challenges in the coming decade. The
greenhouse gas emission per capita of Australia is one of the highest in the world, and 23%
of the greenhouse gas emission in Australia are attributed to the building sector (Group
ASBEC Climate Change Task 2007). Based on the breakdown of energy consumption in
the residential building sector as presented in Fig. 1.1 (COAG Energy Council 2019),
space cooling and space heating attribute approximately 50% of total energy consumption.
Therefore, it is an urgent and necessary task to improve the energy performance of space
cooling and heating systems used in buildings to reduce energy consumption and
greenhouse gas emission.

Fig. 1.1 Energy consumption of different sections in buildings of Australia (COAG
Energy Council 2019).
In recent decades, various technologies, e.g. desiccant dehumidification, thermal energy
storage, heat/enthalpy recovery ventilator, and absorption cooling have been developed
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and investigated to tackle and mitigate this challenge (Lowenstein 2008; Abdel-Salam
and Simonson 2016; Zhou et al. 2012; Mardiana-Idayu and Riffat 2012; Aliane et al.
2016). Among these technologies, desiccant cooling systems have been regarded as one
of the most promising alternatives for replacing conventional vapour-compression
cooling systems, as the desiccant cooling system has the capability of independent
temperature and humidity control, and thermal energy such as solar thermal energy, and
waste heat from different sources can be used to power the desiccant cooling system
(Buker and Riffat 2015; Fu and Liu 2017; Mohammad et al. 2016). In contrast to the
conventional vapour-compression cooling system, the desiccant cooling system is
environmentally friendly and could handle latent load more efficiently (La et al. 2010).
A variety of alternative cooling systems and their potentials to maintain acceptable indoor
thermal comfort under different climatic conditions have been studied, among which
desiccant wheel cooling systems and liquid desiccant cooling systems have been
extensively investigated in recent decades. For instance, White et al. (2009) evaluated the
performance of a 100% fresh-air solar desiccant wheel cooling system in which a heating
coil and a solar water heater were used for the desiccant wheel regeneration. The results
showed that the indoor thermal comfort could be maintained at or near the acceptable
levels using the proposed system under the Melbourne and Sydney climatic conditions.
Mei et al. (2006) evaluated the performance of a solar desiccant wheel cooling system.
The regeneration air was heated by a photovoltaic (PV) façade and PV sheds in parallel
and then additionally heated by solar air collectors. The results from simulations showed
that the average thermal coefficient of performance (COP) of the desiccant cooling
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system in the summer period was 0.518 and a regeneration temperature of about 70 °C
can be provided by the solar air heating system. Alizadeh (2008) developed a solar liquid
desiccant cooling system integrated with an evaporative cooler. The proposed system
used hot water generated by flat-plate solar collectors to heat the liquid desiccant before
it was regenerated by ambient air. Experimental test results revealed that a system
electrical COP of around 6 was achieved and the effectiveness of the dehumidifier using
lithium chloride (LiCl) solutions was about 82%. Mohaisen and Ma (2015) investigated
the performance of a solar-assisted liquid desiccant cooling system. The simulation
results showed that the daily thermal COP of the system was in a range of 0.50-0.55 and
solar thermal energy could cover 73.4% of the thermal energy required for liquid
desiccant regeneration.
Although previous studies demonstrated the effectiveness of using solar thermal energy
to power desiccant cooling systems, the intermittency of solar energy limited the
efficiency and operation of solar desiccant cooling systems during nighttime. Thermal
energy storage (TES) using phase change materials (PCMs) is a promising solution to
tackle the discrepancy between thermal energy demand and supply. PCMs with the
characteristics of high energy densities and relatively constant phase change temperature
have attracted increasing attention for developing high-performance buildings (Ma et al.
2016). For instance, Fiorentini et al. (2017) presented an air-conditioning system, in
which an air-based PCM TES unit was used to store the thermal energy for space cooling
and space heating, and photovoltaic/thermal (PV/T) collectors were used for electricity
and thermal energy generation. A hybrid model predictive control strategy with two
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control levels was used to manage the system. A mathematical model for an air-based
PCM heat exchanger was developed by Dolado et al. (2011) to examine the PCM melting
and solidification characteristics. It was found that increasing the rugosity of PCM
encapsulation can substantially enhance the convective heat transfer between the PCM
and the air. Lin et al. (2014) developed a PV/T-PCM integrated ceiling ventilation system
which was used for space heating via solar thermal energy and for space cooling via
nighttime sky radiative cooling. It was found that this system can effectively improve the
indoor thermal comfort conditions of passive buildings in winter under the weather
condition of Sydney. The results from the above studies demonstrated that PCMs could
play an essential role in effective building thermal energy management.
In recent years, micro-encapsulated PCM (MPCM) which was developed by
encapsulating PCM particles into micron-sized polymer shells has been attracting
increasing attention (Qiu et al. 2017). The MPCM slurry which is a mixture of the MPCM
and a carrier fluid (e.g. water) has been developed as a heat transfer fluid and/or thermal
energy storage medium for different types of energy systems such as space heating
systems, space cooling systems, and solar thermal energy systems. For instance, Zhang
and Niu (2010) and Wang and Niu (2009) developed a chilled ceiling cooling system
using a MPCM slurry which consisted of encapsulated Hexadecane (C 16H34) PCM
particles and water. The chilled ceiling cooling system was installed in the office rooms
to provide sensible cooling and a chiller was used to provide cooling energy. The annual
energy consumption of three different chilled ceiling systems using MPCM slurry thermal
energy storage, ice thermal energy storage and no thermal energy storage respectively,
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were investigated under the Hong Kong climatic conditions. The results showed that the
system with MPCM slurry thermal energy storage achieved the highest energy efficiency
among the three systems. Griffiths and Eames (2007) experimentally investigated the
performance of a chilled ceiling panel using a MPCM slurry as the heat transfer fluid.
The flow rate of heat transfer fluid was reduced from 0.7 L/s to 0.25 L/s when changing
the fluid from water to the MPCM slurry with a MPCM mass fraction of 40%. A fourmonths continuous operation showed that the MPCM slurry was stable and no deposition
of capsules or degradation of the slurry was detected.
Previous studies have revealed that the desiccant wheel cooling system and the liquid
desiccant cooling system have great potential of replacing the conventional vapourcompression air-conditioning system and providing renewable cooling for the building
sector using solar thermal energy. The PCMs as thermal energy storage could effectively
alleviate the mismatch between energy demand and supply, and MPCM slurries have been
considered as a high-performance heat transfer fluid for space cooling systems and space
heating systems. Extensive investigations on desiccant cooling have been conducted in
previous studies. However, little attention has been paid to improve the overall
performance of the desiccant cooling system with PCMs. Moreover, prior to the present
research, no study in the public domain has been focussing on design optimisation of
phase change enhanced desiccant cooling systems, which could be essential to facilitate
the design and application of such systems.
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1.2 Research aim and objectives
The overall aim of the project is to develop, evaluate and optimise effective strategies and
solutions to enhance the performance of desiccant cooling systems using phase change
materials (PCMs). The specific objectives of the thesis are as follows:
I.

Development and modelling of a phase change enhanced desiccant wheel cooling
system using PCMs as thermal energy storage;

II

Investigation of the feasibility of using the PCM to solve the discrepancy between
thermal energy demand and supply for the phase change enhanced desiccant wheel
cooling system and examine its energy and exergy performance;

III. Development of a simulation-based design optimisation strategy for the phase change
enhanced desiccant wheel cooling system;
IV. Development and characterisation of properties of a novel phase change enhanced
desiccant solution as the working fluid of liquid desiccant cooling systems; and
V. Experimental investigation of the dehumidification and cooling performance of a
liquid desiccant dehumidifier using the phase change enhanced desiccant solution.

1.3 Research methodology
The overall research methodology employed in this study is illustrated in Fig. 1.2. Two
approaches were developed to enhance the performance of the desiccant wheel cooling
system (Objectives I, II and III) and the liquid desiccant cooling system (Objectives IV
and V) using PCMs, respectively. Objective I was achieved through simulation. The
major component models were developed and used to establish a dynamic simulation
6

system for the phase change enhanced desiccant wheel cooling system. In Objective II,
the feasibility of using the PCM to store solar thermal energy and regenerate the desiccant
wheel was investigated based on simulations. An energy and exergy analysis was
implemented for this system and the system performance was evaluated based on annual
simulations. In Objective III, a new simulation-based design optimisation strategy was
developed and the optimal design of the phase change enhanced desiccant wheel cooling
system was identified. The strategy was formulated by integrating an integer-based
genetic algorithm with response surface method. The influence of economic factors on
the optimal design of the system was investigated. To achieve Objective IV, a phase
change enhanced desiccant solution was prepared by dispersing micro-encapsulated PCM
into pure LiCl desiccant solution. The properties of the phase change enhanced LiCl
(PCM-LiCl) desiccant solution were evaluated via theoretical analysis and experimental
measurements. The performance of an adiabatic packed-bed dehumidifier using the PCMLiCl desiccant solution was experimentally evaluated by varying the operating conditions,
in order to achieve Objective V.
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Fig. 1.2 Research methodology.

1.4 Thesis outline
This chapter provided a brief introduction of this research, the aim and objectives, and
the overall methodology. The other chapters are structured as below.
Chapter 2 provides a literature review of desiccant wheel cooling systems, liquid
desiccant cooling systems, and application of PCMs in heating, ventilation and airconditioning systems, with a major focus on the design of desiccant wheel cooling
systems, liquid desiccant dehumidifiers and regenerators, as well as micro-encapsulated
PCM slurries.
Chapter 3 presents the development and modelling of a desiccant wheel cooling system
with integrated photovoltaic/thermal-solar air collector and PCM thermal energy storage
unit. The feasibility of using the PCM thermal energy storage unit which was charged by
solar thermal energy to regenerate the desiccant wheel was investigated.
Chapter 4 presents the energy analysis and exergy analysis of the desiccant wheel cooling
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system with integrated photovoltaic/thermal-solar air collector and PCM thermal energy
storage unit based on annual simulations. The energy performance of the system was
evaluated using the performance indicators of specific net electricity generation and solar
thermal contribution, and the exergy performance was evaluated using the exergy
destruction of individual components and the overall system. A parametric study was
implemented to evaluate the influence of several key design parameters on the energy and
exergy performance of the system.
Chapter 5 presents the development of a simulation-based design optimisation strategy
for the desiccant wheel cooling system with integrated photovoltaic/thermal-solar air
collector and PCM thermal energy storage unit. The integer-based genetic algorithm and
the response surface method were combined to tackle the system nonlinearity with
manageable computational costs. The life cycle cost of the system was evaluated and used
as the objective function. The influence of the economic factors on the optimal design
and the system life cycle cost was investigated using the proposed strategy.
Chapter 6 presents the development and thermophysical properties characterisation of a
phase change enhanced LiCl (PCM-LiCl) desiccant solution. The properties of the PCMLiCl with different mass fractions were determined through measurement and theoretical
prediction.
Chapter 7 presents the development of a lab-scale test rig for an adiabatic liquid desiccant
dehumidifier using the PCM-LiCl desiccant solution. The performance of the
dehumidifier using the PCM-LiCl desiccant solution and pure LiCl desiccant solution
was investigated. A parametric study was implemented to evaluate the influence of
9

operating parameters on the heat and mass transfer performance of the liquid desiccant
dehumidifier.
Chapter 8 summaries the key findings of this thesis and some recommendations for future
work.
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Chapter 2 Literature Review
This thesis focusses on the development and investigation of optimal strategies and
solutions of using phase change materials (PCMs) to enhance the performance of
desiccant cooling systems, including desiccant wheel cooling (DWC) systems and liquid
desiccant cooling (LDC) systems. To identify methods of developing phase change
enhanced desiccant cooling systems and the corresponding research gaps, this chapter
presents a review of recent studies on the development and application of desiccant
cooling systems and PCMs.
This chapter is structured as follows. Section 2.1 introduces DWC systems and overviews
the application of solar energy in such systems. Section 2.2 summarises the performance
of the desiccant wheel (DW) as a key component of the DWC system. Section 2.3
introduces the LDC systems and provides a review of liquid desiccants (LDs) used in
previous studies. Section 2.4 overviews the LD dehumidifiers and regenerators as well as
heat and mass transfer enhancement techniques for LDC systems. Section 2.5 presents an
overview of the micro-encapsulated PCM (MPCM) slurry and its application in HAVC
systems. Section 2.6 provides a summary of this literature review.

2.1 Introduction to desiccant wheel cooling
In a DWC system (Fig. 2.1), the latent heat was handled by a DW and the sensible heat
was removed using evaporative cooling and other cooling technologies. The moisture
adsorbed by the DW is desorbed via a regeneration process to achieve the continuous
operation of the system. Thermal energy, i.e. hot air, is required for the DW regeneration.
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The DWC is a promising candidate that can be used to replace conventional vapourcompression air-conditioning due to its independent temperature and humidity control
and advantage of no chlorofluorocarbons (La et al. 2013). Low-grade thermal energy is
commonly used to drive such systems (Elzahzby et al. 2014), which opens up
opportunities to develop solar-driven DWC systems and to take air conditioning off the
grid with the assistance of thermal energy storage (TES) systems.

Fig. 2.1 A typical DWC system (where DW is the desiccant wheel and HX is the heat
exchanger).
2.1.1 Configurations of desiccant wheel cooling systems
In general, seven system configurations of the DWC systems have been investigated in
previous studies (La et al. 2010; Ge et al. 2014), which included Pennington cycle
(Pennington 1955), modified ventilation cycle, recirculation cycle (Waugaman et al.
1993), Dunkle cycle (Dunkle 1965), simplified advanced solid desiccant (namely SENS)
cycle (Maclaine-Cross 1974), REVERS cycle (Maclaine-Cross 1985), and direct-indirect
evaporative cooling (DINC) cycle (Waugaman and Kettleborough 1987). The system
schematics and air statements of the Pennington cycle, Dunkle cycle, SENS cycle,
REVERS cycle, and DINC cycle in a psychometric chart are illustrated in Fig. 2.2.
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a) Pennington cycle (Pennington 1955)

c) SENS cycle (Maclaine-Cross 1974)

b) Dunkle cycle (Dunkle 1965)

d) REVERS cycle (Maclaine-Cross 1985)
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e) DINC cycle (Waugaman and Kettleborough 1987)
Fig. 2.2 System schematics of the DWC cycles and air states in psychrometric charts
(where EA is the exhaust air, FA is the fresh air, RA is the return air, SA is the supply
air, DW is the desiccant wheel, HX is the heat exchanger, DEC is the direct evaporative
cooler, CT is the cooling tower, FC is the finned coil, and IEC is the indirect evaporative
cooler) (Modified from La et al. 2010).
The Pennington cycle (Fig. 2.2a) was proposed by Pennington (1955), which was also
named as the ventilation cycle. A 100% fresh-air design is employed in the Pennington
cycle and the return air from the indoor space is used for the DW regeneration. The fresh
air is first dehumidified and heated by the DW, and then cooled by the heat exchanger
using the return air and the direct evaporative cooler (DEC) before being supplied to the
indoor space. The return air is first cooled by the other DEC and then heated by the heat
exchanger via the dehumidified and heated supply air, and then heated by the heater for
the DW regeneration. The modified ventilation cycle is slightly different from the
Pennington cycle, which uses the ambient air instead of the return air for the DW
14

regeneration, which is designed for circumstances when using the return air to regenerate
the DW is infeasible. However, the performance of the modified ventilation cycle could
be deteriorated as compared to the Pennington cycle when ambient air has a high humidity
ratio. The recirculation cycle was proposed to improve the efficiency of the DWC system
and a 100% return air design was adopted based on the modified ventilation cycle. The
temperature and humidity of the return air are usually lower than those of the ambient air,
which could improve the performance of the DW, while one drawback of the recirculation
cycle is that no fresh air is introduced to the supply air. Another 100% return air system,
i.e. Dunkle cycle (Dunkle 1965), is presented in Fig. 2.2b. In this cycle, the return air is
first cooled by a DEC and then used to cool the processed supply air via a heat exchanger
(i.e. 2-3 in Fig. 2.2b) before it is processed by the DW. The processed air from the DW is
consecutively cooled by the ambient air (i.e. 4-5 in Fig. 2.2b) and the return air (i.e. 5-6
in Fig. 2.2b) via two heat exchangers, respectively, and then cooled by a DEC (i.e. 6-7 in
Fig. 2.2b). The thermal efficiency of the Dunkle cycle can be improved by using two heat
exchangers, as compared to the recirculation cycle.
To improve the thermal comfort and efficiency of the DWC system, Maclaine-Cross
(1974) proposed the SENS cycle (Fig. 2.2c) in which a combination of a finned coil and
a cooling tower was adopted to cool the process air. Such a combination has a similar
working principle as the indirect evaporative cooler (IEC) (Maheshwari et al. 2001). The
fresh air is first dehumidified and heated by the DW and then consecutively cooled by
another stream of fresh air and the exhaust air from the cooling tower via two heat
exchangers, respectively. The processed fresh air is mixed with a fraction of the return air
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and then cooled by the finned coil. It is further diverted into two streams: one is supplied
to the indoor space and the other is supplied to the cooling tower for water cooling
circulated in the finned coil. It is worthwhile to note that the major disadvantage of the
SENS cycle is the high complexity of the system. The REVERS cycle (Maclaine-Cross
1985) (see Fig. 2.2d) was therefore proposed as a simplified SENS cycle by removing
one of the heat exchangers. Part of the supply air is used for the cooling tower and the
DW regeneration in the REVERS cycle. In contrast, the outlet air from the cooling tower
is exhausted to the ambient and the fresh air is used for the DW regeneration in the SENS
cycle. The DINC cycle (see Fig. 2.2e) was proposed by Waugaman and Kettleborough
(1987) and the IEC was used to cool the process air without increasing its humidity, which
replaced the cooling coil and the cooling tower in the SENS and the REVERS cycle.
2.1.2 Solar desiccant wheel cooling
The schematics of typical solar DWC systems investigated in previous studies
(Baniyounes et al. 2013a; Chen and Tan 2020; Enteria et al. 2010; Comino et al. 2020;
White et al. 2009) are presented in Fig. 2.3. In a typical water-based solar DWC system
as presented in Fig. 2.3a, a solar water heater and a heating coil are used to heat the
regeneration air and an auxiliary heater is used as a backup heating source. A hot water
tank is generally used to regulate the outlet water temperature from the solar water heater
and to store thermal energy. For a typical air-based solar DWC system as presented in Fig.
2.3b, a solar air collector and an auxiliary heater are used to heat the regeneration air
while TES is not used in previous studies (Mei et al. 2006; Hatami et al. 2012; Zeng et al.
2014; Fong et al. 2010; Beccali et al. 2009). The frequent use of the hot water tank as the
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TES for water-based DWC systems could be explained by its good commercial
availability while there is still a lack of TES for air-based DWC systems. Although the
water possesses a higher thermal capacity than the air, the energy density of the hot water
tank is still limited when comparing to other thermal energy storage approaches (Alva et
al. 2017; Ibrahim et al. 2018).

a) Water-based system

b) Air-based system

Fig. 2.3 Schematics of solar DWC systems (where EA is the exhaust air, PA is the
process air, RA is the regeneration air, SA is the supply air, DW is the desiccant wheel,
HX is the heat exchanger, AH is the auxiliary heater, and HC is the heating coil).
White et al. (2009) evaluated the performance of a 100% fresh-air water-based solar DWC
system. It was found that the indoor thermal comfort could be maintained at or near
acceptable levels using the proposed system under the Melbourne and Sydney climatic
conditions. Enteria et al. (2010) developed a water-based solar DWC system in which a
hot water tank with an electric water heater was used to store thermal energy for the DW
regeneration. Water in the tank was heated by the solar water heater as well as the electric
heater during off-peak hours. The results showed that the system COP was decreased with
the increase of the regeneration temperature. Further investigation (Enteria et al. 2013)
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showed that adequate air cooling and dehumidification could be achieved from 8:00 to
18:00 by using the DWC regenerated by solar thermal energy and the thermal energy
stored in the tank. Baniyounes et al. (2013a) investigated the performance of a waterbased solar DWC system implemented in an institutional building in Queensland,
Australia. The experimental results indicated that 18% energy savings were obtained
when using the proposed system, as compared to a conventional vapour-compression
heating, ventilation and air conditioning (HVAC) system. Zeng et al. (2014) numerically
investigated the annual performance of a solar DWC and heating system under the
weather condition of Shanghai, China. The system was used to provide space cooling and
heating for a case-study office building from 8:00 to 17:00 during workdays. The
simulation results showed that about 60% of the latent load in summer and 40% of the
heating demand in winter could be covered by solar energy. Chen and Tan (2020)
developed a DWC system which utilised chilled water from natural cooling sources for
sensible air cooling, and a solar water heater with a heating coil and a hot water tank for
DW regeneration. The results showed that the system could provide adequate space
cooling under various outdoor air conditions when the cooling water from the natural
cooling source could be supplied at a temperature of 15 ℃.
Mei et al. (2006) investigated the performance of an air-based solar DWC system, in
which the regenerated air was first heated by a PV façade and PV sheds in parallel and
then further heated by solar air collectors. The simulation results showed that the average
thermal COP of the DWC system in summer was 0.518 and a regeneration temperature
of about 70 ℃ could be provided by the solar air heating system. The performance of a
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similar DWC system was investigated by Beccali et al. (2009). The results showed that
the majority (up to 90%) of the cooling demand of the case study office could be covered
by the solar-assisted DWC system. Fong et al. (2010) developed a simulationoptimisation approach for an air-based solar-assisted DWC system using a gas-fired
auxiliary heater, in which the system operating parameters were optimised using an
evolutionary algorithm. The results showed that an annual average solar contribution of
17% can be achieved by using the optimal design identified.

2.2 Performance of desiccant wheels
The DW is one of the key components in a DWC system. A DW as presented in Fig. 2.4,
generally consists of a large number of air channels whose walls were coated or
impregnated with desiccant materials. The cross-section of a DW can be divided into the
process side and the regeneration side. The moisture of the process air is adsorbed by the
desiccant material when it passes through the process side of the DW and simultaneously,
the regeneration air flows through the regeneration side where the desiccant material is
heated and the moisture inside is removed. Silica gel, LiCl, and molecular sieves are
among the commonly used desiccant materials (La et al. 2010; Rambhad et al. 2016).
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Fig. 2.4 Schematic of a DW (Modified from La et al. (2010)).
2.2.1 Performance indicators of desiccant wheels
Three performance indicators have been commonly used to evaluate the performance of
a DW, including the moisture removal capacity (MRC), dehumidification effectiveness
(ηdeh), and dehumidification coefficient of performance (DCOP). The MRC is the mass
flow rate of the moisture removed by a DW and is determined using Eq. (2.1) (Angrisani
et al. 2012). The dehumidification effectiveness represents the ratio between the real and
the ideal dehumidification capability of a DW and can be determined using Eq. (2.2)
(Mandegari and Pahlavanzadeh 2009). The humidity ratio of outlet air could be assumed
as zero under the ideal condition. The dehumidification effectiveness equals to one if all
moisture in the process air is removed. DCOP indicates the ratio of the latent heat of the
adsorbed moisture to the thermal energy required for generating the high-temperature
regeneration air and is calculated by Eq. (2.3) (Ge et al. 2010).
(2.1)

MRC = 𝑚̇𝑝𝑟𝑜,𝑎 (𝑊𝑝𝑟𝑜,𝑎,𝑖𝑛 − 𝑊𝑝𝑟𝑜,𝑎,𝑜𝑢𝑡 )
𝜂𝑑𝑒ℎ = 𝑊
DCOP =

𝑊𝑝𝑟𝑜,𝑎,𝑖𝑛 −𝑊𝑝𝑟𝑜,𝑎,𝑜𝑢𝑡

(2.2)

𝑝𝑟𝑜,𝑎,𝑖𝑛 −𝑊𝑝𝑟𝑜,𝑎,𝑜𝑢𝑡,𝑖𝑑𝑒𝑎𝑙

𝑚̇𝑝𝑟𝑜,𝑎 ℎ𝑣 (W𝑝𝑟𝑜,𝑎,𝑖𝑛 −W𝑝𝑟𝑜,𝑎,𝑜𝑢𝑡 )

(2.3)

𝑚̇𝑟𝑒𝑔,𝑎 (ℎ𝑟𝑒𝑔,𝑎,𝑖𝑛 −ℎℎ𝑒𝑎𝑡𝑒𝑟,𝑎,𝑖𝑛 )
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where ṁ is the mass flow rate, W is the humidity ratio, hv is the latent heat of the
evaporation of water, h is the enthalpy, and the subscripts amb, pro, a, reg, in and out
indicate ambient, process, air, regeneration, inlet and outlet, respectively.
2.2.2 Regeneration temperature used for desiccant wheels
The regeneration temperature is one of the most significant variables influencing the
performance of a DW. In general, the desiccant materials can capture more moisture from
the process air if the materials are more deeply dried under a higher regeneration
temperature. The MRC also increases with the increase of the regeneration temperature
as the desorption process in the desiccant matrix is endothermic (Sheng et al. 2014). A
study showed that the dehumidification effectiveness increased from 0.54 to 0.58 when
the regeneration temperature increased from 60 ℃ to 90 ℃ (Eicker et al 2012). The study
from Ali et al. (2013) showed that the increasing rate of MRC of the DW decreased with
the increase of the regeneration temperature. For a given DW, the maximum DCOP could
be obtained at a certain regeneration temperature (Ge et al. 2010). If the regeneration
temperature is beyond this value, the energy cost required to produce a higher temperature
of the regeneration air will be higher than the benefit resulted from the increased moisture
removal. For DWs using composite desiccants, the maximum DCOP can be generally
obtained when the regeneration temperature was around 85 ℃ (Ge et al. 2010). Therefore,
there is an optimal regeneration temperature which can maximise the overall performance
of a DW.
Table 2.1 summarises the air temperatures used in the existing studies for the DW
regeneration. It can be seen that the regeneration temperature of DWs studied varied
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between 35 ℃ and 120 ℃. Several studies showed that the dehumidification efficiency
of DWC systems can be generally acceptable when the regeneration temperature was in
the range of 60-70 ℃.
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Table 2.1 Summary of the DW parameters and the operating conditions reported in previous studies.
Reference

DW parameters
Diameter

Operating Parameters

Thickness

Area

Desiccant

(m)

(m)

ratio*

material**

Jia et al. (2006)

0.40

0.20

1:3

SG

Ge et al. (2009)

0.26

0.10

1:3

Stage
1

CD

Ge et al. (2010)

0.40

0.10

1:2

CD

CD

2

1

Tpro,a,in

Wpro,a,in

Rotation

Flow

ṁpro,a
(kg/h)

Reg. temp.

Performance indicators

(℃)

MRC (kg/h)

DCOP

η

(℃)

(kg/kg)

speed (r/h)

ratio***

30.0

0.0160

-

1:3

904

60.0-120.0

1.21-8.76

-

0.08-0.61

30.0

0.0160

-

1:3

904

60.0-120.0

2.34-10.90

-

0.16-0.75

35.0

0.0014

8

1:2.4

434

50.0-90.0

1.30-3.91

-

0.21-0.63

30.0

0.0016

1.74-3.91

-

0.44-0.75

35.0

0.0023

2.17-6.54

-

0.22-0.65

35.0

0.0150

1.81-6.33

0.37-

0.16-0.48

16

1:2

904

60.0-110.0

0.44
Angrisani et al.

0.70

0.20

2:3

SG

1

31.6

0.0013

12

1:1

964

37.0-72.0

1.70-5.10

(2012)
Eicker et al. (2012)

0.14

1:1

SG

0.895

0.25

1:1

LiCl

Ali et al. (2013)

0.32

0.20

1:1

SG

Sheng et al. (2014)

0.45

0.20

1:3

SG

1

32.0

0.0119

85

1:0.75

2410

60.0-90.0

9.64-13.74

-

0.54-0.58

32.0

0.0119

24

1:0.75

2410

45.0-70.0

4.82-6.51

-

-

1

31.0

0.0100

36

1:1

289

45.0-120.0

0.29-1.73

-

0.1-0.6

1

28.2-

0.0140

15

1.2:1

325

58.1-64.8

0.98-1.34

0.21-

0.262-

0.27

0.359

40.2
0.60

0.20

1:1

SMS

1

(2015b)
De Antonellis et al.

0.14-0.46

0.90
0.87

De Antonellis et al.

0.30-

0.60

0.20

1:1

SMS

1

-1:1

11.5-

0.0045-

12.9

0.0046

25.0

0.0120

15.5
15

* Area ratio: ratio of the area of the regeneration side to that the process side of a DW.
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1082-

35.1-66.0

2.50-4.22

-

0.51-0.87

44.4-78.6

2.48-6.00

-

0.20-0.49

1087

(2015a)

** CD: composite desiccant; SG: silica gel; SMS: synthesized metal silicate.

1:1
1:1

1017

*** Flow ratio: ratio of the flow rate of the regeneration air to that of the process air.
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2.3 Liquid desiccant cooling
The LDC system is one of the promising alternatives to conventional vapour-compression
technology. The LDC system is mainly featured by three characteristics: 1) the system is
mostly driven by thermal energy and its electric energy consumption is typically 25% of
a vapour-compression air conditioner; 2) the system could dehumidify the air without
over-cooling and; 3) the system could deliver sensible and latent cooling load
independently (Lowenstein 2008; Rafique et al. 2016).
A typical LDC system as presented in Fig. 2.5 generally consists of a dehumidifier, a
regenerator, and a cooler and a heater. The LD is first cooled in the cooler and then enters
into the dehumidifier. The process air is dehumidified as it contacts with the LD the
dehumidifier. The LD is then heated and reconcentrated by the heater and the regenerator,
respectively. The hot LD, typically between 71.1°C and 93.3°C (Lowenstein 2008), enters
into the regenerator and desorbs water to the air flowing through the regenerator. This
moisture air at the outlet of the regenerator is generally exhausted to ambient. The heat
exchanger is used to recover the thermal energy from the LD at the outlet of the
regenerator in order to heat the LD at the inlet of the regenerator, which could reduce the
thermal energy use for the heating and cooling of the LD.
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Fig. 2.5 A typical LDC system.
Commonly used working solutions (i.e. LDs) for LDC systems include glycols and
aqueous solutions of halide salts including lithium chloride (LiCl), calcium chloride
(CaCl2), lithium bromide (LiBr), triethylene glycol (TEG) and mixtures of salt solutions
(Giampieri et al. 2018). A few studies showed that ionic liquid, i.e. [EMIM]OAc and
[EMIM]BF4 could also be used as the LDs (Luo et al. 2011; Liu et al. 2020). The LD play
a vital role in a LDC system as it will directly influence the design and performance of
the system. The TEG was commonly used in earlier designs while its application is
limited as the viscosity of the LD is relatively high which results in high pressure drop
and pump power consumption. The TEG may evaporate into the air and dissipate into the
conditioned space with the air flow, which makes it infeasible for air conditioning
applications (Elsarrag 2006).
Solutions of halide salts including LiCl water solution, LiBr water solution and CaCl 2
water solution are commonly used in LDC systems (Rafique et al. 2016). Extensive
studies have been implemented to investigate the thermophysical properties of LDs. A
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comprehensive review on the properties of aqueous solutions of CaCl2 and LiCl can be
found in Conde (2004), including solubility, vapour pressure, density, surface tension,
dynamic viscosity, thermal conductivity, specific thermal capacity and differential
enthalpy of dilution. Correlations for the properties were generally developed based on
the measurement results. Kaita (2001) reviewed the thermodynamic properties of LiBr
water solutions in a temperature range of 40-210 ℃ and concentration of 40-65 wt.%.
Correlations for the vapour pressure, enthalpy, and entropy of LiBr solutions were
developed. A set of separate empirical equations describing vapour pressure, molar
density, isobaric heat capacity, enthalpy, and entropy of LiBr water solutions from 273 K
to 500 K over the full composition range were developed by Pátek and Klomfar (2006).
A method based on a linear optimisation procedure and multi-property fitting was used
for the equation development. Pátek and Klomfar (2008) investigated the
thermodynamics of the LiCl and water system from 273 K to 400 K. A formulation of the
thermodynamic properties of the system at vapour-liquid equilibrium was developed in
the form of separate Gibbs energy equations for vapour and liquid phases. A number of
thermodynamic properties of the system including density, isobaric heat capacity,
enthalpy, entropy, enthalpy of dilution, osmotic coefficient and saturated vapour pressure
can be calculated based on the formulation.
The vapour pressure of LiCl, LiBr, and CaCl2 water solutions is presented in Fig. 2.6,
which was calculated using the correlations provided by Conde (2004) and Pátek and
Klomfar (2006). It can be seen that the vapour pressure of LiCl water solution was the
lowest among the solutions under the same temperature and mass fraction of salt, while
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the LiCl is relatively expensive. CaCl2 is readily available and it is the cheapest desiccant
among the three, while its vapour pressure is also the highest under the same temperature
and concentration, which reduces the mass transfer driving force between the LD and the
air flow in the dehumidifier.

Fig. 2.6 Vapour pressure of LiCl, LiBr, and CaCl2 water solutions.
Ertas et al. (1992) proposed a low-cost LD by mixing LiCl and CaCl2 water solutions.
The measurement results showed that the vapour pressure of the 50/50 mixture of the two
desiccants was close to that of LiCl water solution when salt concentrations in both LDs
were 43%. Further investigation of the application of the LiCl-CaCl2 solution was carried
out by Li et al. (2008). The dehumidification performance of a dehumidifier using the
LiCl-CaCl2 solution with different mass fractions of LiCl and CaCl2 was investigated and
the results showed that more than 20% improvement on the moisture removal rate could
be achieved with 4.5% cost increase, when using the LiCl-CaCl2 solution with 31.2 wt.%
LiCl and 20 wt.% CaCl2 as compared to the LiCl solution with 39 wt.% LiCl. Yao et al.
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(2016) compared the vapour pressure of LiCl-CaCl2 solutions with those predicted using
the simple mixing rule (SMR) model and the non-random two-liquid (NRTL) model, and
measurement results. The results showed that better prediction accuracy was achieved by
the SMR model when the mass fraction of the LiCl-CaCl2 was less than 10% over the
NRTL model and opposite results were observed when the mass fraction was higher than
30%. Modifications of the SMR model and the NRTL model were proposed and a good
agreement between the experimental data and both models was respectively achieved
after the modification.

2.4 Liquid desiccant dehumidifiers and regenerators
2.4.1 An overview of dehumidifiers and regenerators
Dehumidifiers and regenerators (DRs) are the key components of LDC systems. The DRs
used in LDC systems can be generally categorised into direct-contact DRs and indirectcontact DRs depending on whether the LD directly contacts with the process air or
scavenging air. In direct-contact DRs, air and LD formulate a gas-liquid two-phase fluid
system. The LD is distributed or sprayed onto the solid surfaces of packing materials, flat
plates and tube bundles or directly sprayed into the air stream using nozzles without a
solid surface (e.g. spray tower). The LD usually flows downwards driven by gravity while
air can be arranged in a parallel-flow, or a cross-flow, or a counter-flow configuration to
the LD flow. DRs with spray towers were mainly investigated in earlier studies (Chung
and Wu 1998; Chung and Wu 2000), which have been less frequently used in recent
studies due to potential carryover of LD droplets. In indirect-contact DRs, the air and LD
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are both single-phase fluids which are separately constrained by physical boundaries.
Indirect-contact DRs investigated in previous studies included liquid-to-air membrane
energy exchangers (LAMEEs) using hydrophobic porous membranes (Ge et al. 2013;
Woods and Kozubal 2018), and electrodialysis and reverse osmosis regenerators (Guo et
al. 2016; Al-Sulaiman et al. 2007).
To evaluate the heat and mass transfer performance of DRs, several performance
indicators as summarised in Table 2.2 have been developed. Moisture transfer rate (MTR)
is often used to evaluate the moisture transfer capacity of DRs (Wang et al. 2016; Chen
et al. 2017a). Moisture transfer effectiveness (εm) is the ratio of the actual humidity ratio
difference between the inlet air and outlet air to the maximum humidity ratio difference
between the air and LD, which is often used to evaluate the mass transfer effectiveness
of DRs (Wang et al. 2016; Chen et al. 2017a). Sensible effectiveness is defined in a similar
way to the moisture transfer effectiveness, and is used to evaluate the heat transfer
performance of DRs (Ge et al. 2013; Woods and Kozubal 2018). Both enthalpy
effectiveness and total effectiveness are used to evaluate the overall heat and mass transfer
effectiveness of DRs (Wang et al. 2016; Ge et al. 2013; Cho et al. 2019). Enthalpy
effectiveness is mainly used for direct-contact DRs (Wang et al. 2016; Cho et al. 2019),
while total effectiveness is often used for LAMEEs (Ge et al. 2013). Another performance
indicator used is regeneration thermal efficiency, which represents the energy utilization
efficiency of regenerators (Yin and Zhang 2010).
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Table 2.2 Performance indicators and their definitions.
Performance indicator

Definition

Moisture transfer rate (MTR)

𝑀𝑇𝑅 = 𝑚̇𝑎 × |𝑊𝑎,𝑖𝑛 − 𝑊𝑎,𝑜𝑢𝑡 |

Moisture transfer effectiveness (εm)

𝜀𝑚 =

Sensible effectiveness (εs)

𝜀𝑠 =
𝜀𝑡 =

|𝑊𝑎,𝑖𝑛 − 𝑊𝑎,𝑜𝑢𝑡 |
|𝑊𝑎,𝑖𝑛 − 𝑊𝐿𝐷,𝑖𝑛,𝑒𝑞 |

|𝑇𝑎,𝑖𝑛 − 𝑇𝑎,𝑜𝑢𝑡 |
|𝑇𝑎,𝑖𝑛 − 𝑇𝐿𝐷,𝑖𝑛 |
𝜀𝑠 + 𝐻 ∗ 𝜀𝑚
1 + 𝐻∗

Total effectiveness (εt)
𝐻∗ =

𝜀ℎ =

Enthalpy effectiveness (εh)

Regeneration thermal efficiency (εr) 𝜀𝑟 =

ℎ𝑣 (𝑊𝑎,𝑖𝑛 − 𝑊𝐿𝐷,𝑖𝑛,𝑒𝑞 )
𝐶𝑝,𝑎 (𝑇𝑎,𝑖𝑛 − 𝑇𝐿𝐷,𝑖𝑛 )
|ℎ𝑎,𝑖𝑛 − ℎ𝑎,𝑜𝑢𝑡 |
|ℎ𝑎,𝑖𝑛 − ℎ𝐿𝐷,𝑖𝑛,𝑒𝑞 |
𝑚̇𝑎 ℎ𝑣 (𝑊𝑎,𝑜𝑢𝑡 − 𝑊𝑎,𝑖𝑛 )
𝑄ℎ𝑒𝑎𝑡𝑖𝑛𝑔

where T is the temperature, H* is the operating factor, Cp is the specific heat capacity,
Qheating is the thermal energy input for the regeneration, and the subscripts LD, and eq
indicate liquid desiccant, and equilibrium, respectively.
Over the last several decades, a number of techniques have been developed and employed
to improve the heat and mass transfer performance of DRs used in LDC systems. A full
version of the review on heat and mass transfer mechanisms and improvement techniques
for DRs could be found in the author’s publications (Ren et al. 2019a; Ren et al. 2020)
and the review of major heat and mass transfer improvement techniques for direct-contact
DRs is presented in this thesis.
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2.4.2 Using a third heat transfer fluid
One of the main issues of adiabatic dehumidifiers is that the temperature of the LD
increases along the flow direction of the LD due to the heat exchange with the air flow
and the absorption heat. A similar issue also exists in adiabatic regenerators in which the
LD is cooled by the air flow and the desorption of water vapour. The temperature change
of the LD decreases the vapour pressure difference between the LD and air, and thus
decreases the mass transfer driving force in DRs. These issues can be potentially solved
by using a relatively large LD flow rate. However, it may increase the risk of carryover
of LD droplets (Fu and Liu 2017). Internally-cooled dehumidifiers (ICDs) and internallyheated regenerators (IHRs) were therefore developed to solve these issues and improve
the heat and mass transfer between the LD and air (Lowenstein 2008).
Bansal et al. (2011) experimentally investigated the performance of a packed-bed
dehumidifier with a cooling coil embedded in the packing material. The results showed
that the mass transfer effectiveness substantially increased by approximately 0.2 under
the same inlet LD and air conditions by using cooling water, when compared to that
without using cooling water. Gommed et al. (2015) compared the performance of three
dehumidifiers including an adiabatic dehumidifier using cellulose structured packing, and
two ICDs with a tube-bundle configuration respectively using Titanium tubes and highdensity polyethylene (HDPE) tubes. In this particular comparison, it was shown that the
adiabatic dehumidifier with a solution flow rate sufficient for good wetting outperformed
the two ICDs. It was explained that this was probably resulted by a lower inlet solution
temperature of the adiabatic dehumidifier than that of the two ICDs. Yin and Zhang (2010)
32

compared the performance of an IHR and an adiabatic regenerator both with a flat-plate
configuration under the same inlet LD and air conditions. The simulation results showed
that the regeneration thermal efficiency and MTR of the IHR were higher than those of
the adiabatic regenerator under most of the simulation cases, while the similar
performance was achieved by the two regenerators when a low air flow rate or a low LD
flow rate was used. It was also found that the influence of the LD flow rate on the
regeneration performance of the IHR was much less than that of the adiabatic regenerator,
indicating that a relatively low LD flow rate could be used in the IHR without
significantly compromising the regeneration performance. Liu et al. (2016a) compared
the performance of three types of ICDs with different structures including parallel plates,
finned-coils, and packed beds with cooling coils. The simulation results showed that the
ICD with the finned-coil structure offered the best heat and mass transfer performance
while the packed bed with cooling coils showed the worst performance.
The advantages of ICDs and IHRs over adiabatic DRs have been demonstrated in the
above-mentioned studies. However, the baselines used in these comparisons might not be
solid. For instance, an extremely low cooling water temperature (4.8-8.7 ℃) was used by
Bansal et al. (2011), which is generally difficult to achieve in LDC systems without using
chillers. Yin and Zhang (2010) assumed the same heat and mass transfer area between the
air and LD for the internally-heated and adiabatic regenerators. The heat and mass transfer
area of the adiabatic regenerator could be larger than that of the IHR due to the saved
space for heating fluid channels. On the other hand, an experimental investigation showed
that an adiabatic dehumidifier outperformed two ICDs with the similar height (Gommed
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et al. 2015). Therefore, a more comprehensive and in-depth comparison between the
internally-heated/cooled design and adiabatic design is necessary to provide a better
understanding of the advantages and disadvantages of ICDs and IHRs. Although a
number of studies investigated the performance of finned-tube heat exchangers and
finned-plate heat exchangers as DRs, the research on the influence of fin design and
configuration on the heat and mass transfer performance is still limited, especially for fins
with complex geometries. It has been stated in the previous studies that using a third heat
transfer fluid could reduce the LD flow rate and thereby reduce the risk of LD carryover
(Lowenstein 2008). However, there is still a lack of detailed guidelines that could be used
to facilitate the design and operation of such DRs, in order to minimize the risk of LD
carryover.
2.4.3 Selection of flow configurations
The previous studies on the investigation of flow configurations of adiabatic DRs, and
ICDs and IHRs were reviewed in this section. The flow configurations of ICDs and IHRs
are much more complicated than those of adiabatic DRs as a third heat transfer fluid was
introduced into ICDs and IHRs.
The LD flow and air flow can be generally arranged in cross-flow, counter-flow, and
parallel-flow, and the first two have been widely used in the majority of the previous
studies. Liu and Jiang (2008) and Liu et al. (2007) compared the performance of adiabatic
DRs using the above three flow configurations. The simulation results showed that the
best regeneration performance when using the heated LD and dehumidification
performance was always achieved by using the counter-flow configuration, while the best
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regeneration performance when using the heated air was achieved by using the parallelflow configuration. The best mass transfer performance in dehumidifiers was also
achieved by using the counter-flow configuration. The cross-flow configuration had a
moderate mass transfer performance among the three configurations. Liu et al. (2009)
further revealed that the mass transfer performance of a regenerator using the heated LD
was much better than that of a regenerator using the heated air.
The results from the above studies showed that the counter-flow configuration generally
showed the best performance and the cross-flow configuration had a moderate
performance. However, DRs using a cross-flow configuration were easy-to-install (Moon
et al. 2009) and could potentially alleviate LD carryover (Cho et al. 2019). For a particular
case, the flow configuration should be selected based on the practical design conditions.
Ten flow configurations of ICDs and IHRs have been investigated in a number of studies
(Liu et al. 2009; Peng and Luo 2017; Liu et al. 2018), as summarised in Fig. 2.7. The LD
usually flows downwards as it is generally driven by gravity in direct-contact DRs. Liu
et al. (2009) investigated six flow configurations (i.e. a, d-f, i, j in Fig. 2.7) of ICDs with
a flat-plate design, in which the cooling water was circulated inside the flat plates. The
simulations carried out based on a set of inlet air and LD conditions with different number
of transfer units (NTUs) showed that mass transfer performance of the ICD with the same
LD-to-air flow configuration was close to each other (e.g. d, e and f, and i and j in Fig.
2.7). It was also found that the flow configurations of i and j outperformed the others
while the differences among them were not significant. Peng and Luo (2017) investigated
the performance of IHRs with six flow configurations (i.e. a, c, d, f, h, and j in Fig. 2.7).
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The simulation results showed that the influence of the flow configuration was
insignificant in comparison to that of the inlet concentration of the LD and the inlet
temperature of the hot water. The counter-flow configuration between the LD and water
and parallel-flow configuration between the LD and air were recommended. In a more
recent study, Liu et al. (2018) investigated the performance of ICDs using ten flow
configurations as presented in Fig. 2.7. The simulation results showed that the flow
configuration e outperformed the others under the most test cases as the temperature and
vapour pressure differences in the dehumidifier using this flow configuration were more
evenly distributed. However, the flow configuration j can be considered under low LD
flow rates or cooling water flow rates, low inlet solution temperatures, or high inlet
solution concentrations.

Fig. 2.7 Ten flow configurations investigated in (Liu et al. 2009; Peng and Luo 2017;
Liu et al. 2018).
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The influence of the flow configuration on the performance of ICDs and IHRs might
differ when refrigerants are used as the cooling and heating fluids respectively, as the
temperature of the refrigerants is much more stable than that of water. Ali et al. (2003)
compared the performance of flat-plate DRs using parallel-flow and counter-flow
configurations under the assumption of the constant plate temperatures. The simulation
results showed that the parallel-flow configuration and counter-flow configuration
generally provided better dehumidification performance and better regeneration
performance, respectively. The results were different from those presented by Liu et al.
(2009) and Peng and Luo (2017) and this might be explained by the assumption of the
constant plate temperatures used.
The above studies were mainly carried out based on numerical simulations. However,
experimental investigations on this topic were rarely found and experimental
investigations might be able to provide additional information to better understand the
heat and mass transfer performance of such designs.
2.4.4 Adding additives in liquid desiccants
Additives have been used to improve the thermal conductivity and surface wettability of
LDs (Ali et al. 2004; Wen et al. 2018a; Wen et al. 2018b), and reduce the causticity of the
LD on metals (Wen et al. 2018c). Ali et al. (2003; 2004) investigated the performance of
CaCl2 desiccant solution enhanced by Cu-ultrafine particles in an ICD and an IHR with a
flat-plate configuration. The simulation results showed that the improvement of heat and
mass transfer performance by adding nanoparticles was insignificant as the LD film was
thin and the increase of LD thermal conductivity had an insignificant impact on the
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performance of the ICD and the IHR (Ali et al. 2003). Wen et al. (2018b) investigated the
dehumidification performance of LiCl desiccant solutions with multi-walled carbon
nanotubes (MWNTs) and polyvinyl pyrrolidone (PVP) surfactant, and with PVP
surfactant only. The test results based on an ICD with a flat-plate configuration showed
that the MTR increased by 26.1% and 25.9% on average for the LDs with the PVP
surfactant only and with the MWNTs and surfactant, respectively. It was concluded that
the performance improvement was due to the significant increase of the wetted area on
the flat plate. The improvement of the LD with the MWNTs and surfactant was attributed
to the surfactant only, and adding 0.1 wt.% MWNTs showed an undetected effect.
Surfactants have been considered as another type of additives to improve the heat and
mass transfer performance of DRs as the surface tension of LDs can be reduced and the
wettability of LDs on the surface can be improved by adding proper surfactants. Cihan et
al. (2017) experimentally investigated the performance of a LDC system using LiCl
desiccant solutions with a polyether modified siloxane surfactant (BYK349). An adiabatic
dehumidifier and an adiabatic regenerator with structured packing were used. It was
observed that the wetted area increased when using the LD with the surfactant while
foaming problems existed in the DR, which deteriorated the mass transfer performance.
The performance of LiCl desiccant solutions with the polyvinyl pyrrolidone (PVP-K30)
surfactant in an ICD with a flat-plate configuration was investigated by Wen et al. (2018a).
The results showed that the contact angle of the LD on the plate (i.e. stainless steel 316L)
decreased from 58.5o to 28.0o by adding 0.4% mass fraction of PVP-K30 into the LiCl
desiccant solution and the wetted area of the DR was substantially increased. Compared
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to the LiCl desiccant solution without the surfactant, the MTR and moisture transfer
effectiveness in the dehumidifier increased by 22.7% and 19.9% on average respectively,
when using the LD with the surfactant. In another study (Wen et al. 2018c), hydroxyethyl
urea with a mass fraction of 39% was used as the additive of the LiCl desiccant solution
to reduce its causticity. The experimental results showed that the causticity of the LD on
the stainless steel was significantly reduced and the wetted area was also increased.
The above studies on the additives in LDs showed that adding surfactants to increase the
wetted area of DRs can improve their heat and mass transfer performance. However, the
surfactants should be carefully selected as side effects such as foaming may occur, which
will deteriorate the heat and mass transfer performance. It is worthwhile to note that
adding surfactants may change other properties of the LD besides the surface tension.
Properties such as viscosity, thermal conductivity, and vapour pressure of the mixture
should be measured and the influence of the properties on the performance of DRs should
be further investigated. The previous studies also showed that using nano-particles to
enhance the thermal conductivity of LDs offered limited benefits to enhance the heat and
mass transfer performance of DRs. More research on new additives for LDs to improve
heat and mass transfer performance of DRs might be an area to be further investigated.

2.5 Characterisation and applications of MPCM slurries
Micro-encapsulated phase change material (MPCM) slurries which have been used as
TES medium and/or heat transfer fluids, are attracting increasing focus in the recent
decade. Micro-encapsulation refers to a process of coating a core material with a layer of
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shell at the size of the capsule less than 1000 μm (Liu et al. 2016b). For MPCM, the shell
is used to protect the PCMs from leakage and direct contact with the environment, as
presented in Fig. 2.8. These encapsulated particles are dispersed into a carrier fluid (e.g.
water) with/without additives, thus forming an MPCM slurry.

a) MPCM particles

b) Schematic of MPCM and phase change

c) Scanning electron microscope images of MPCM
Fig. 2.8 MPCM particles (Qiu et al. 2017).
2.5.1 Thermophysical properties of MPCM slurries
Previous studies showed that the MPCM could maintain high latent heat capacity and
improve heat transfer performance (Wang et al. 2007). In order to investigate the flow
and heat transfer performance of such fluids, the thermal and physical properties of
MPCM slurries are reviewed.
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The heat capacity of the MPCM slurry generally consists of two components including
the heat capacities of the base fluid and the MPCM. The specific heat capacity of the
MPCM slurry can be calculated using Eq. (2.4), and the specific heat capacity of the
MPCM can be determined using Eq. (2.5) (Liu et al. 2016b). In addition, the phase change
process should be considered, during which the specific heat capacity is increased due to
the latent heat of the PCM. In order to describe the specific heat capacity of MPCM
slurries, Chen et al. (2008) developed a model to calculate the specific heat of a MPCM
slurry as the heat transfer fluid (see Eq. (2.6)). It is noted that the variation of the specific
heat capacity was assumed as a rectangular shape (see Fig. 2.9) in Eq. (2.6). Hu and Zhang
(2002) compared the simulation results of a MPCM slurry as tube flow using rectangular,
sine curve, left triangle, and right triangle shapes to describe the specific heat, as presented
in Fig. 2.9. The results showed that the heat transfer performance of the PCM slurry was
substantially influenced by the shape of the variation of the specific heat.
𝐶𝑝,𝑏 = 𝑥𝑚,𝑀𝑃𝐶𝑀 𝐶𝑝,𝑀𝑃𝐶𝑀 + (1 − 𝑥𝑚,𝑀𝑃𝐶𝑀 )𝐶𝑝,𝑏𝑓
𝐶𝑝,𝑀𝑃𝐶𝑀 =

(𝐶𝑝,𝑐𝑜𝑟𝑒 +𝜃𝑐−𝑠 𝐶𝑝,𝑠ℎ𝑒𝑙𝑙 )𝜌𝑐𝑜𝑟𝑒 𝜌𝑠ℎ𝑒𝑙𝑙

(2.5)

(𝜃𝑐−𝑠 𝜌𝑐𝑜𝑟𝑒 +𝜌𝑠ℎ𝑒𝑙𝑙 )𝜌𝑀𝐶𝑃𝑀

𝐶𝑝,𝑏

(2.4)

0 ≤ 𝑥 ≤ 𝐿1
ℎ𝑓

𝐶𝑝 = {𝐶𝑝,𝑏 + 𝑇 −𝑇

𝐿1 ≤ 𝑥 ≤ 𝐿1 + 𝐿2

𝐶𝑝,𝑏

𝐿1 + 𝐿2 ≤ 𝑥 ≤ 𝐿

2

1

(2.6)

where θc-s is the core-shell weight ratio, ρ is the density, xm is the mass fraction, hf is the
latent heat of the PCM, T1 and T2 are the lower and upper temperature limit of phase
change process respectively, x is the distance from the entry of the tube, and the subscripts
b and bf indicate for bulk and base fluid, respectively. The circular tube is divided into
three regions including solid, phase change and liquid regions, and L1 and L2 are the cut41

off points between solid region and phase change region and between phase change region
and liquid region, respectively.

Fig. 2.9 Variation of specific heat of MPCMs with temperature (Hu and Zhang 2002).
Thermal conductivity of the static dilute slurry (i.e. thermal conductivity of bulk fluid)
was calculated using Maxwell’s equation (Maxwell 1954) as presented in Eq. (2.7) in
previous studies (Chen et al. 2008; Song et al. 2013). The thermal conductivity of the
MPCM was calculated using the composite sphere approach. The thermal resistance of
the shell was determined based on the thickness and the thermal conductivity of the shell,
and the heat transfer resistance of the core material was determined based on the
assumption that a solid sphere is in an infinite medium (Guyer 1999; Goel et al. 1994).
Thus, the thermal conductivity of the MPCM could be calculated using Eq. (2.8) (Chen
et al. 2008).
𝑘𝑏
𝑘𝑏𝑓

=

2𝑘𝑏𝑓 +𝑘𝑀𝑃𝐶𝑀 +2𝑥𝑣,𝑀𝑃𝐶𝑀 (𝑘𝑀𝑃𝐶𝑀 +𝑘𝑏𝑓 )

(2.7)

2𝑘𝑏𝑓 +𝑘𝑀𝑃𝐶𝑀 −𝑥𝑣,𝑀𝑃𝐶𝑀 (𝑘𝑀𝑃𝐶𝑀 +𝑘𝑏𝑓 )

1
𝑘𝑀𝑃𝐶𝑀 𝑑𝑀𝑃𝐶𝑀

=𝑘

1
𝑐𝑜𝑟𝑒 𝑑𝑐𝑜𝑟𝑒

+𝑘

𝑑𝑀𝑃𝐶𝑀 −𝑑𝑐𝑜𝑟𝑒

(2.8)

𝑠ℎ𝑒𝑙𝑙 𝑑𝑀𝑃𝐶𝑀 𝑑𝑐𝑜𝑟𝑒

where d is the diameter, k is the thermal conductivity, and xv is the volume fraction.
The effective thermal conductivity of a slurry in dynamic conditions is generally higher
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than the bulk fluid in static conditions due to the interaction between the MPCM particles
(Zhang et al. 2003; Hu and Zhang 2002). Leal (1973) investigated the effective thermal
conductivity of a dilute slurry under low Peclet number (Pe) conditions, and the effective
thermal conductivity of the slurry was determined using Eq. (2.9). The Pe was determined
using Eq. (2.10). Nir and Acrivos (1976) developed a similar model as presented in Eq.
(2.11) for the dilute slurry flow with high particle Peclet number.
𝑘𝑒𝑓𝑓
𝑘𝑏𝑓

= 1 + 3𝑥𝑣,𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑃𝑒𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 1.5

𝑃𝑒𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 =
𝑘𝑒𝑓𝑓
𝑘𝑏𝑓

(2.9)

𝑒∗𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 2

(2.10)

𝛼

= 1 + 𝐴𝑥𝑣,𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑃𝑒𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 1/11

(2.11)

where e is the velocity gradient, α is the thermal diffusivity, A is a constant that should be
determined based on experimental data, and the subscript eff stands for effective.
Sohn and Chen (1981) conducted experiments at moderate Peclet numbers and the
correlation as presented in Eq. (2.12) was proposed, in which the first term on the righthand side is a function of the particle volume fraction. Based on the review of previous
studies (Leal 1973; Nir and Acrivos 1976; Sohn and Chen 1981), Charunyakorn et al.
(1991) summarised a general correlation as presented in Eq. (2.13) for the effective
thermal conductivity of MPCM slurries.
𝑘𝑒𝑓𝑓
𝑘𝑏𝑓

= 𝑓(𝑥𝑣,𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 , … )𝑃𝑒𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑛

𝑘𝑒𝑓𝑓
𝑘𝑏𝑓

(2.12)

= 1 + 𝐵𝑥𝑣,𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑃𝑒𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑛

𝐵 = 3.0, 𝑛 = 1.5, 𝑃𝑒𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 ≤ 0.67
𝐵 = 1.8, 𝑛 = 0.18, 0.67 < 𝑃𝑒𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 ≤ 250

(2.13)

1

{𝐵 = 3.0, 𝑛 = 11 , 250 < 𝑃𝑒𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
Previous studies showed that rheological behaviours of the MPCM slurry could be
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Newtonian or non-Newtonian under different circumstances (Delgado et al. 2012;
Yamagishi et al. 1996). Yamagishi et al. (1996) investigated the viscosity of MPCM
slurries using n-Tetradecane and n-Dodecane with melting temperatures of 5.5 ℃ and
13.5 ℃, respectively. The results showed that the viscosity of the MPCM slurry was
influenced by the concentration of the MPCM, the temperature of the slurry, and the size
of the MPCM particles. The viscosity of the MPCM slurry decreased with the increase of
the shear rate without adding ionic surfactants, which indicated that the slurry could be
considered as a non-Newtonian fluid. The viscosity of the slurry was reduced by adding
the ionic surfactants and it behaved as a Newtonian fluid with the surfactants. Yang et al.
(2003) prepared different MPCM slurries with PCM (i.e. tetradecane) encapsulated by
different shell materials including polyvinyl acetate (PVAc), polystyrene (PS),
polymethyl methacrylate (PMMA) and polyethyl methacrylate (PEMA), respectively.
The measurement results showed that the influence of the shell material on the viscosity
was not significant. It was also found that the viscosity increased gradually with the
increase of the PCM mass fraction in the slurry while the viscosity increased dramatically
when the PCM mass fraction was 40%. Zhang and Zhao (2011) prepared two types of
MPCM slurries using MPCMs provided by two different manufactures. The measurement
results showed that the viscosity of the MPCM slurry using particles with larger diameters
was higher.
Alvarado et al. (2007) measured the viscosity of a MPCM slurry and the pressure drop of
the slurry across a circular tube. The results showed that the relative viscosity of the
MPCM slurry which is the ratio of the viscosity of the slurry to that of water was not
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influenced by its temperature, and the similar results were also found by Yamagishi et al.
(1996). The results also indicated that the influence of adding MPCM on the pressure
drop was not significant, while this was potentially resulted by an undetectable leakage
of the PCM from the micro-capsule. The pressure drop of a MPCM slurry across a circular
tube was also investigated by Wang et al. (2007). The results showed that the trend of the
friction factor against the Re varied significantly due to the transition from laminar flow
to turbulent flow (see Fig. 2.10). The friction factors in turbulent flow fitted well with the
Hagen-Poiseuille fluid model while the friction factor in laminar flow was lower than
those calculated from the Blasius equation due to the entry effect.

Fig. 2.10 Variation of friction factor with Reynolds number for MPCM slurries at 20 ℃
(Wang et al. 2007).
2.5.2 Applications of MPCM slurries in HVAC systems
MPCM slurries can be used as heat transfer fluid and/or TES medium in HVAC systems
to improve the overall system performance. A number of applications have been reported
in recent studies and some of the selected cases are reviewed in this section. A TES system
using a MPCM slurry was integrated into an existing chiller which was used for space
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cooling in Narita airport, Tokyo, Japan (Shibutani 2002; Qiu et al. 2017). The MPCM
slurry was used as the cooling energy storage medium and was stored in a tank, which
was cooled during the nighttime for load shifting. The operating cost of this system was
32% lower than that of an ice TES system. Griffiths and Eames (2007) experimentally
investigated the performance of a chilled ceiling panel using a MPCM slurry as the heat
transfer fluid. The MPCM which was provided by BASF had a melting temperature of
18 ℃. The test results showed that only a slurry (with 40% mass fraction of MPCM) flow
rate of 0.25 L/s was required to maintain the indoor air temperature at 19 ℃ while the
flow rate was 0.7 L/s when water was used as the heat transfer fluid. A long-term
operation test (i.e. more than four months) revealed that the pump power of the system
was reduced by replacing water with the MPCM slurry, and no deposition of the microcapsules or degradation of the slurry was observed. Wang and Niu (2009) proposed an
air-conditioning system with chilled ceiling using a MPCM slurry as heat transfer fluid
for sensible cooling and a conventional air handling unit (AHU) for ventilation and latent
cooling (Fig. 2.11). A tank was used to store the MPCM slurry which could be cooled
during the nighttime and a stirrer was installed in the tank to keep the carrier fluid and the
MPCM fully mixed. The performance of the system was compared to those using ice TES
and without TES. The results showed that the system using the MPCM slurry achieved
the highest energy efficiency among the three systems. A similar system to that presented
in Fig. 2.11 was also developed by Wang et al. (2008) while the cooling for the MPCM
slurry was achieved using a cooling tower. The results showed that up to 80% and 10%
energy savings were achieved under weather conditions of Urumqi, China and Hong
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Kong, China, respectively, as compared to a vapour-compression air-conditioning system.

Fig. 2.11 Schematic diagram of an air conditioning system using chilled ceiling
integrated with a MPCM slurry tank (Wang and Niu 2009).
Huang et al. (2011) investigated the performance of a MPCM slurry (with a melting
temperature of 65 ℃) as a thermal storage medium for water heating. The MPCM slurry
was stored in a cylinder with a copper coil helix heat exchanger installed at the lower
section of the cylinder and hot water was circulated through the heat exchanger. The
performance of the cylinder filled with three different volume ratios of MPCM, i.e. 0%
(water only), 25%, and 50% was investigated. It was found that the natural convection of
the fluid inside the cylinder was suppressed when using a high MPCM volume fraction
of 50%. The results also showed that the size and location of the heat exchanger in the
thermal storage cylinder influenced the thermal performance of the cylinder. Qiu et al.
(2015) and Qiu et al. (2016) investigated the performance of a PV/T collector using
MPCM slurries as the heat transfer fluid. Simulation results indicated that laminar flow
was not favoured for energy efficiency of the PV/T collector when using the MPCM slurry,
while the performance was enhanced under turbulent flow conditions, as compared to the
47

PV/T collector using water. The net solar efficiency of the collector was in a range of
80.8-83.9% when the solar radiation was varied between 500 W/m2 and 700 W/m2 and
the Re number was around 3,000.

2.6 Summary
A literature review on the development, design, and performance evaluation of desiccant
wheel cooling (DWC) systems, liquid desiccant cooling (LDC) systems, and key
components of the systems, as well as a review on characterisation, and application of
micro-encapsulated phase change material (MPCM) slurries, are provided in this section.
The major findings obtained from the literature review are summarised as follows:
1) The reviewed literature showed that the desiccant cooling system can be used as an
energy-efficient air-conditioning system and the feasibility of directly using solar
thermal energy to regenerate desiccant wheel during the daytime has been
investigated. However, the overall system efficiency was still limited due to the
intermittency of solar energy and the low energy density of the water tank used to
store thermal energy.
2) Previous investigations on the solar DWC system mainly focussed on the system
performance evaluation during the daytime. However, it seems that no attempt of
using phase change materials (PCMs) to store solar thermal energy and solve the
discrepancy between thermal energy demand and supply has been undertaken.
3) The performance evaluation of the solar DWC system mainly focused on its thermal
efficiency and electrical efficiency. However, there is still a lack of comprehensive
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understanding including energy, exergy, and economic performance of the solar
DWC system, especially for the system with integrated thermal energy storage.
4) For LDC systems, liquid desiccant working fluids and the performance of the
dehumidifier are of vital importance for the overall performance of such systems.
Extensive heat and mass transfer enhancement techniques have been developed for
liquid desiccant dehumidifiers and regenerators. However, investigations on the
enhancement of liquid desiccants themselves are still limited.
5) MPCM slurries have been proven to be a high-performance heat transfer fluid. The
potential of using the MPCM to enhance the heat and mass transfer performance of
dehumidifiers has not been explored.
6) Design optimisation could be critical to maximising the benefits of using desiccant
cooling systems enhanced by phase change material due to high initial cost of the
system, while research that focuses on the design optimisation of desiccant cooling
system under dynamic operating conditions is still limited.
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Chapter 3 Development and Modelling of a Desiccant Wheel Cooling
System with Integrated Thermal Energy Storage and
Photovoltaic/Thermal-Solar Air Collectors
Various types of solar desiccant wheel cooling (DWC) systems and their potentials to
maintain acceptable indoor thermal comfort under different climatic conditions have been
investigated in previous studies (Jani et al. 2016; Baniyounes et al. 2013a; Baniyounes et
al. 2013b). However, the thermal energy generated from solar energy systems was
generally directly used to regenerate the desiccant and these systems cannot satisfy
building cooling demand during the nighttime and low solar radiation conditions.
Thermal energy storage (TES) using phase change materials (PCMs) can be used as a
promising solution to solve the discrepancy between thermal energy demand and supply.
The PCMs with the ability to provide high energy storage densities and the characteristics
to store thermal energy at a relatively constant temperature have attracted increasing
attention for developing high-performance buildings (Ma et al. 2016). This chapter
presents the development and modelling of a DWC system with integrated hybrid
photovoltaic/thermal collector-solar air collector (PV/T-SAC) and PCM TES unit, and the
feasibility investigation of using the PCM TES unit for desiccant wheel (DW)
regeneration.
The chapter is organised as follows. Section 3.1 presents the system description and the
method used for the feasibility investigation is presented in Section 3.2. Section 3.3
provides the details of the system modelling. The results of the feasibility investigation
are presented in Section 3.4 and key findings of this chapter are summarised in Section
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3.5.

3.1 System description
Schematics of a DWC system integrated with a hybrid PV/T-SAC and a PCM TES unit
are illustrated in Fig. 3.1. This system was mainly designed for space cooling and could
also provide space heating. In this system, the hybrid PV/T-SAC (see Fig. 3.2), in which
the PV/T collector and the SAC are connected in series, was used for both electricity and
low-grade thermal energy generation. The thermal energy collected from the PV/T-SAC
can be used to drive the DW regeneration in cooling conditions or for space heating in
heating conditions. The electricity generated by the PV panel can be used to power the
electric heater (EH) and fans used in the system and the excess electricity can be stored
in a battery or exported to the grid. The use of such a hybrid system is to achieve a
relatively high air temperature while still maintaining necessary electricity generation and
reducing the system operation cost. An air-based PCM TES unit (see Fig. 3.3) was used
to regulate the discrepancy between the thermal energy generated from the PV/T-SAC
and the thermal energy demand for the DW regeneration. The PCM TES unit consisted
of a number of PCM layers arranged in parallel and each PCM layer consisted of multiple
PCM panels. A DW, a heat recovery unit (HRU) and an indirect evaporative cooler (IEC)
were used to condition the process air.
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a) Schematic based on system operation in the cooling season

b) Schematic based on system operation in the heating season
Fig. 3.1 Schematics of a DWC system with integrated hybrid PV/T-SAC and PCM TES
unit based on operation modes in cooling and heating seasons.

a) Three-dimension model

b) Front view

Fig. 3.2 Illustration of the PV/T-SAC
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Fig. 3.3 Scheme of the air-based PCM TES unit.
During the cooling season (see Fig. 3.1a), the return air from the indoor space is first
mixed with the fresh air and then used as the process air in order to improve the system
efficiency. The process air was first dehumidified by the DW, and then cooled by the heat
recovery unit and indirect evaporative cooler. A bypass of the return air was used for the
DW when the temperature of the outlet air from the PV/T-SAC was above the required
regeneration temperature, in order to control the humidity ratio of the process air. The
regeneration air flow rate was equal to the process air flow rate, which was determined
based on the building cooling demand. The supply air temperature was controlled by
modulating the bypass ratio of the supply air through the indirect evaporative cooler. The
supply air humidity ratio was controlled by varying the inlet temperature of the
regeneration air of the DW. During the heating season (see Fig. 3.1b), the fresh air or the
return air was heated by the PV/T-SAC or the TES unit dependent on the operation mode
used, and was then used for space heating.
Table 3.1 describes the main potential operation modes. It is noted that the main focus of
this chapter is on the system operation in the cooling season and the annual operation of
the system will be discussed in the next chapter. The DWC system with integrated PV/TSAC and PCM TES unit can operate with three different modes (I, II, and III) during
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heating and cooling seasons, respectively, as summarized in Table 3.1. Under Mode I, the
ambient air was heated by the PV/T-SAC. A portion of the air flow from the PV/T-SAC
was directly used to regenerate the DW and for space heating during the cooling and
heating seasons respectively, and the rest was directed into the TES to charge the PCM or
exhausted to ambient dependent on the average surface temperature of the PCM bricks.
Under Mode II, the rated PV/T-SAC air flow rate was used. The ambient air was heated
by the PV/T-SAC and was then used to charge the TES unit or exhausted to ambient
dependent on the outlet air temperature of the PV/T-SAC and the average surface
temperature of the PCM bricks. Under Mode III, the TES unit was discharged to provide
thermal energy for DW regeneration during the cooling season and for space heating
during the heating season. During the cooling season, the ambient air was first heated by
the heat recovery unit and then by the TES unit before it was used to regenerate the DW.
During the heating season, the return air instead of ambient air was used for space heating
to improve the system thermal efficiency. Over-heating of the air was avoided by using a
bypass for the TES unit. The electric heater was used as an auxiliary heating device in
Modes I & III.
Table 3.1 Operation modes of the DWC system with integrated PV/T-SAC and PCM
TES unit.
Mode I
Mode II
Mode III

Cooling
PV/T-SAC for DW regeneration and
PCM charging
PV/T-SAC for PCM charging only
PCM discharging for DW
regeneration
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Heating
PV/T-SAC for space heating and
PCM charging
PV/T-SAC for PCM charging
only
PCM discharging for space
heating

3.2 Research method
The overall procedure used for the feasibility study of the proposed system is illustrated
in Fig. 3.4, which consisted of three steps including setup of the test, performance
evaluation and optimisation, and the feasibility analysis. In the first step, a virtual
simulation system of the proposed system was developed using TRNSYS (Klein et al.
2010), which will be introduced in Section 3.3, and the key performance indicators to be
used for performance evaluation were determined. In the second step, the key factors
governing the performance of the PV/T-SAC and PCM TES unit were first determined
based on the results from the previous studies (Dolado et al. 2011; Duffie and Beckman,
2013; Fan et al. 2017). The simulation cases were then designed and executed using the
response surface method. Based on the simulation data, the response surface models were
developed, and the optimal combination of the factors was determined. In the third step,
a confirmation test with the optimal combination of the factors identified was carried out
and the feasibility of the proposed system for DW regeneration was analysed.
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Fig. 3.4 Outline of the research method employed in this study.
3.2.1 Selection of performance indicators
In this study, three performance indicators, including solar thermal contribution (STC),
supply air temperature unsatisfied (SATU) factor and supply air humidity ratio unsatisfied
(SAHRU) factor, were used to evaluate the performance of the proposed system under
dynamic working conditions. STC is defined as the ratio of the total amount of thermal
energy that can be provided by the hybrid PV/T-SAC and PCM TES unit for DW
regeneration to the total thermal energy needed for DW regeneration under a required
regeneration temperature and a time period of concern, as expressed in Eq. (3.1) (Enteria
et al. 2011). The thermal energy supplied by the PV/T-SAC and PCM TES unit is
determined by Eq. (3.2), in which the air temperature before the electric heater (Tbefore,EH,a)
can be the temperature of the outlet air from the PV/T-SAC or from the PCM TES unit
dependent on which operation mode was used for DW regeneration. The power
consumption of the auxiliary electric heater is determined by Eq. (3.3) if the outlet air
56

temperature from the PV/T-SAC or PCM TES unit was less than the required regeneration
temperature. The regeneration air flow rate (ṁreg,a) was calculated using Eq. (3.4) based
on the configuration of the DW.
𝐸𝑠𝑐

STC = 𝐸

(3.1)

𝑠𝑐 +𝐸𝑒ℎ

𝑡

𝐸𝑠𝑐 = ∫𝑡 2[𝑚̇𝑟𝑒𝑔,𝑎,𝑖 𝐶𝑝,𝑎 (𝑇𝑏𝑒𝑓𝑜𝑟𝑒,𝑎,𝐸𝐻,𝑖 − 𝑇𝑎,𝑖𝑛,𝑖 ) + 𝑚̇𝑠𝑢𝑝,𝑎,ℎ𝑒𝑎𝑡,𝑖 𝐶𝑝,𝑎 (𝑇𝑏𝑒𝑓𝑜𝑟𝑒,𝑎,𝐸𝐻,𝑖 −
1

(3.2)

𝑇𝑎,𝑖𝑛,𝑖 )]𝑑𝑡
𝑡

𝐸𝑒ℎ = ∫𝑡 2[𝑚̇𝑟𝑒𝑔,𝑎 𝐶𝑝,𝑎 (𝑇𝑟𝑒𝑔,𝑎 − 𝑇𝑏𝑒𝑓𝑜𝑟𝑒,𝑎,𝐸𝐻 ) + 𝑚̇𝑠𝑢𝑝,𝑎,ℎ𝑒𝑎𝑡,𝑖 𝐶𝑝,𝑎 (𝑇𝑠𝑢𝑝,𝑎,ℎ𝑒𝑎𝑡 −
1

𝑇𝑏𝑒𝑓𝑜𝑟𝑒,𝑎,𝐸𝐻,𝑖 )]𝑑𝑡

(3.3)

𝑚̇𝑟𝑒𝑔,𝑎 = 𝜃𝑚̇𝑝𝑟𝑜,𝑎

(3.4)

where E is the thermal energy, ṁ is the mass flow rate, T is the temperature, Cp is the
specific heat, t is the time, θ is the ratio of the mass flow rate of the regeneration air to
that of the process air, t1 and t2 are the start time and end time respectively, and the
subscripts a, in, pro, reg, sc, and EH indicate air, inlet, process, regeneration, solar
contribution and electric heater, respectively. It is noted Ta,in is the inlet air temperature
of the PV/T-SAC or the PCM TES unit dependent on the operation mode used.
SATU factor and SAHRU factor were used to evaluate the performance of the DWC
system under different regeneration temperatures. SATU factor was defined as the ratio
of the accumulated time that the supply air temperature is above the required set-point to
the total time of the desiccant cooling system in operation. Similarly, SAHRU factor was
defined as the ratio of the accumulated time that the supply air humidity ratio is above the
required set-point to the total time of the desiccant cooling system in operation.
3.2.2 Performance investigation and optimisation using response surface method
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A range of simulation exercises was designed and executed using the response surface
method (RSM) to determine the near-optimal values of the main parameters of the hybrid
PV/T-SAC and PCM TES unit. The RSM is a set of mathematical and statistical
techniques to optimise a response of interest which is influenced by a number of variables
(Montgomery 2012). As the primary focus of this study was to examine the feasibility of
using the hybrid PV/T-SAC and PCM TES unit to regenerate DWs, the STC was therefore
selected as the response of the hybrid PV/T-SAC and PCM TES unit. The SATU factor
and SAHRU factor were only used to evaluate the performance of the DWC system and
were not considered in the RSM. The STC was investigated with three levels (-1, 0, 1)
for each main parameter and the Face Centred Central Composite Design (Montgomery
2012; Subasi et al. 2016) was used for the simulation design. Based on the simulation
results, a response surface model was generated through the stepwise regression method,
which was then used to predict the response of STC based on the independent variables
under various conditions. The general form of the response surface model is presented in
Eq. (3.5) (Wang et al. 2014).
𝑗

𝑖<𝑗

𝑦 = 𝑏0 + ∑𝑖=1 𝑏𝑖 𝑥𝑖 + ∑𝑘𝑖=1 𝑏𝑖𝑖 𝑥𝑖 2 + ∑𝑖

∑𝑗 𝑏𝑖𝑗 𝑥𝑖 𝑥𝑗

(3.5)

where y is the predicted response, xi and xj are the independent variables, and b0, bi, bii,
and bij are the coefficients.
Analysis of variance (ANOVA) was used to evaluate the fitness of the model. The
response surfaces were generated to visualize the individual and interactive effects of the
main parameters on the response. The optimal combination of the main parameters to
maximise the response (i.e. STC) was then determined.
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The PCM type, the length of the PCM TES unit, the size of the air gap between the glass
cover and the PV plate/absorber plate in the PV/T-SAC, and the air flow rate of the PV/TSAC, were considered as the major parameters in this study based on the following
considerations. The PCM melting temperature and thermophysical properties will directly
influence the amount of thermal energy that can be charged into the TES unit. The length
of the PCM TES unit was used to control the total amount of the PCM used and therefore
the storage capacity of the TES unit. The air flow rate of PV/T-SAC influences its heat
transfer performance and outlet air temperature. The air gap between the PV
plate/absorber plate and the glass cover influences the heat loss from the PV/T-SAC to
the ambient environment. It is noteworthy that the air flow rate of the TES unit during the
charging process was the same as that of the PV/T-SAC while that during the discharging
process was determined based on the building cooling demand.
3.3. System modelling
3.3.1 Hybrid PV/T-SAC
The hybrid PV/T-SAC system considered in this study is shown in Fig. 3.5, which
consisted of a glass cover, a PV plate, an absorber plate, a bottom plate, and a number of
fins. The fins were deployed between the bottom plate and absorber plate along the air
flow direction to enhance the heat transfer performance. A dynamic model developed in
a previous study (Fan et al. 2017) was used to simulate the performance of the hybrid
PV/T-SAC system. In this model, the PV/T-SAC was first discretised into multiple control
volumes along the air flow direction, and the PV/T collector was further divided into 6
nodes perpendicular to the flow direction, including the glass cover, PV plate, absorber
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plate, fins, fluid air, and the bottom plate, while the SAC was divided into 5 nodes
perpendicular to the flow direction by excluding the node for the PV plate. The key
governing equation of the glass cover node in the PV/T section is described in Eq. (3.6).
The governing equations of the PV plate, the solar absorber plate, the fins, and the bottom
plate can be described using the same way. The governing equation for the air flowing
through the air channel is given by Eq. (3.7).
𝐴𝐶𝑝,𝑔 𝑀𝑔

𝜕𝑇𝑔,𝑖
𝜕𝑡

= 𝛼𝑔 𝐼𝑡 𝐴 + ℎ𝑛𝑐 𝐴(𝑇𝑝𝑣,𝑖 − 𝑇𝑔,𝑖 ) + ℎ𝑟,𝑝𝑣−𝑔 𝐴(𝑇𝑝𝑣,𝑖 − 𝑇𝑔,𝑖 ) + ℎ𝑤 𝐴(𝑇𝑎𝑚𝑏 −
(3.6)

𝑇𝑔,𝑖 ) + ℎ𝑟,𝑔−𝑠𝑘𝑦 𝐴(𝑇𝑠𝑘𝑦 − 𝑇𝑔,𝑖 )
𝐶𝑝,𝑎 𝜌𝑎 ∆𝑥(𝑊𝑑 𝐻𝑓𝑖𝑛 )

𝜕𝑇𝑎,𝑖
𝜕𝑡

+ 𝐶𝑝,𝑎 𝑚̇ 𝑎 ∆𝑥

𝜕𝑇𝑎,𝑖
𝜕𝑥

= ℎ𝑐,𝑎𝑝−𝑎 𝐴(𝑇𝑎𝑝,𝑖 − 𝑇𝑎,𝑖 ) + ℎ𝑐,𝑏𝑝−𝑎 𝐴(𝑇𝑏𝑝,𝑖 −
(3.7)

𝑇𝑎,𝑖 ) + 2ℎ𝑐,𝑓𝑖𝑛−𝑎 𝐴𝑓𝑖𝑛 (𝑇𝑓𝑖𝑛,𝑖 − 𝑇𝑎,𝑖 )

where A is the area, M is the mass per unit area, α is the absorptivity, It is the global solar
irradiation, hnc is the natural convection coefficient, hr is the radiation heat transfer
coefficient, hw is the wind convection coefficient, ρ is the density, Wd is the PV/T-SAC
width, Δx is the length of the control volume, Hfin is the fin height, hc is the forced
convection coefficient, Afin is the surface area of fins for a control volume in contact with
flowing air, and the subscripts amb, g, pv, ap, and bp indicate ambient, glass cover, PV
plate, absorber plate and bottom plate, respectively.

(a) Front view

(b) Side view
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Fig. 3.5 The configuration of the hybrid PV/T-SAC.
Similarly, the governing equations for each node of the SAC can be developed. By
employing the Crank-Nicolson scheme, the above equations were discretised and solved.
More details of this model can be found in Fan et al. (2017).
3.3.2 PCM TES unit
A mathematical model for the PCM TES unit, which considered the hysteresis
phenomenon during the phase change process and neglected the supercooling of PCMs,
was developed using the enthalpy method based on the three main assumptions: a) the
conduction heat transfer within the PCM panel is one-dimensional and perpendicular to
the air flow direction; b) there is no natural convection in the air within the TES unit and;
c) the convective heat transfer within the liquid PCM is negligible.
The schematic of the nodes in modelling the PCM TES unit is illustrated in Fig. 3.6. The
PCM TES unit was divided into multiple sections containing both air nodes and PCM
panels along the air flow direction. The governing equations for the energy balance of
PCM panels and air flow are expressed in Eqs. (3.8) and (3.9), respectively.
The Gnielinski equation was used to calculate the Nusselt number of the turbulent flow
(Lin et al. 2014; Gnielinski 1976), and the Nusselt number of the laminar flow was
determined based on the aspect ratio of air channels (Bergman et al. 2011). The governing
equations were solved based on the enthalpy-temperature relationship of the PCM, which
can be obtained from the differential scanning calorimetry (DSC) test or from the data
sheets provided by manufacturers.
𝜌𝑃𝐶𝑀

𝜕ℎ𝑃𝐶𝑀
𝜕𝑡

= 𝑘𝑃𝐶𝑀

𝜕2 𝑇𝑃𝐶𝑀

(3.8)

𝜕𝑦 2
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𝜕𝑇

𝜌𝑎 𝐶𝑝,𝑎 ( 𝜕𝑡𝑎 + 𝑣𝑎

𝜕𝑇𝑎
𝜕𝑥

)=

𝑞𝑢𝑝 +𝑞𝑑𝑜𝑤𝑛

(3.9)

𝛿𝑎

where h is the enthalpy, k is the thermal conductivity, v is the velocity, q is the heat flux
density, and δ is the thickness.

Fig. 3.6 Schematic of the nodes in the modelling of the PCM TES unit.
3.3.3 Desiccant wheel cooling system
The model of the DWC system consisted of a heat recovery unit, an indirect evaporative
cooler, and a DW. The heat recovery unit was modelled using TRNSYS component Type
760, in which a constant heat transfer effectiveness was assumed. The indirect evaporative
cooler was modelled using Type 757 with a constant effectiveness and without
considering the water consumption. In this model, the outlet air condition from the
indirect evaporative cooler was determined based on the assumption that the secondary
air stream process is a constant wet-bulb temperature process. The gas side and solid side
resistance model for the DW developed by Ge et al. (2010) was used in this study. The
regular density silica gel was used as the desiccant material and the equilibrium relative
humidity (RH) on its surface was described by Eq. (3.10) (Pesaran and Mills 1987).
𝑅𝐻 = 0.0078 − 0.05759𝑊𝐶 + 24.16554𝑊𝐶 2 − 124.478𝑊𝐶 3 + 204.226𝑊𝐶 4
(3.10)
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where WC is the water content of the desiccant material.

3.4 Results and discussion
3.4.1 Validation of the PCM TES unit model
The effectiveness of the PCM TES unit model was validated using the experimental data
presented by Lopez et al. (2013), in which the inlet and outlet temperatures of the PCM
TES unit were measured using type-K thermocouples with an accuracy of ± 0.4 ℃. The
model developed was modified to have the same configuration as that of the experimental
setup used by Lopez et al. (2013) through reducing the number of the air channels and
assuming that the TES unit was well-insulated.
A comparison of the model simulation results with the experimental data reported by
Lopez et al. (2013) under the air flow rate of 240 m3/h is presented in Fig. 3.7. The
simulated outlet air temperature from the PCM TES unit under both charging and
discharging processes generally matched well with that of the experimental data probably
due to the consideration of the hysteresis phenomenon during the phase change process,
indicating that the model developed can provide an acceptable estimation.
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a) Charge process

b) Discharge process
Fig. 3.7 Comparison between simulation results and experimental data under the air
flow rate of 240 m3/h.
3.4.2 Setup of the simulation
In this study, the proposed system was assumed to be used to condition a Solar Decathlon
(SD) house. The house was divided into two thermal zones, including the living space of
43.0 m2 and the sleeping space of 23.0 m2. More details of the SD house can be found in
Fiorentini (2016). The simulation study was carried out based on the working days. The
house was assumed to be occupied with two residents and the schedule of the occupant
activities is described in Table 3.2. It was assumed that the hybrid PV/T-SAC was
installed on the north roof of the house with a total area of 24 m2 and a roof slope of 18.4°.
It is worthwhile to note that a larger area of PV/T-SAC could bring more benefits. The
performance of the proposed system was evaluated under the operation modes II and III
as described in Table 3.1. It is worthwhile to note that the system should be re-designed
if it is primarily operated under the other operation modes or there is a cooling demand
64

during both daytime and nighttime.
Five consecutive summer days under Brisbane, Australia weather conditions with
relatively higher temperatures and humidity ratios were selected to investigate the
feasibility of using the hybrid PV/T-SAC and PCM TES unit for DW regeneration as
Brisbane has reasonably abundant solar radiation and the humidity ratio is relatively high.
The weather data used in the simulation were the International Weather for Energy
Calculations (IWEC) data. Fig. 3.8 shows the ambient air temperature, humidity ratio,
and total horizontal solar radiation over the selected summer days in Brisbane.

Fig. 3.8 Weather conditions of the selected consecutive five summer days in Brisbane.
Table 3.2 Occupants schedules used in the simulation
Time
8:0017:00
17:00 23:00
23:00 -

Living space
AirOccupant
conditioned

Sleeping space
AirOccupant
conditioned

0

No

0

No

2

Yes if needed

0

No

0

No

2

Yes if needed
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Status of PCM
TES unit
Charging
Discharging if
needed
Discharging if

8:00

needed

The SD house model developed using DesignBuilder (DesignBuilder 2017) in a previous
study (Fiorentini 2016) was used to simulate the cooling demand of the house during the
simulation days. The required supply air flow rate and the process air flow rate were then
determined based on the flow ratio between the primary and secondary air of the indirect
evaporative cooler. The regeneration air flow rate was determined using Eq. (3.4). The
regeneration air was assumed to be heated from the ambient air temperature to a required
regeneration temperature using the heat recovery unit, the PCM TES unit and the axillary
electric heater during the nighttime.
Three scenarios with different fixed regeneration temperatures of 60 ℃, 65 ℃, and 70 ℃
were used to evaluate the effect of the regeneration temperature on the performance of
the proposed system in terms of the three performance indicators used. The simulation
plans were designed for each scenario using the RSM. The levels of the four main
parameters used in each scenario are specified in Table 3.3. The PCM type was considered
as a categorical variable while the length of the PCM TES unit, the air gap of the PV/TSAC and the air flow rate were regarded as continuous variables. In principle, the levels
of the PCM types should be different for different regeneration temperatures. However,
the same PCM types were used for Scenarios A and C in this study mainly based on the
consideration of the outlet air temperature of the PV/T-SAC. The levels of the other
parameters were considered as the same for the three different scenarios. The
thermophysical properties of the PCMs used are summarized in Table 3.4 and an example
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of the enthalpy-temperature relationship of the RT70HC is presented in Fig. 3.9. During
the simulation, the initial temperature of the PCM in the TES unit was set as 50 ℃ to
ensure that there was no latent thermal energy stored in the PCM. The range of the size
of the air gap between the glass cover and the PV plate/absorber plate was determined
based on the results of a previous study (Duffie and Beckman 2013). The range of the air
flow rate was selected in order to obtain a reasonably high outlet air temperature from the
PV/T-SAC system. The length of the PCM TES unit was roughly determined based on
the house cooling demand and the average thermal COP (i.e. 0.518) of a DWC system
reported in a previous study (Mei et al. 2006).

Fig. 3.9 Enthalpy-temperature relationship of the PCM RT70HC (Rubitherm 2019).
Table 3.3 Levels of the main parameters considered in the RSM design.
Levels

Variables
Scenario A (Treg=65 ℃)
PCM type
Scenario B (Treg=60 ℃)
Scenario C (Treg=70 ℃)
Length of the PCM TES unit (m)
Size of the PV/T-SAC air gap1 (mm)

-1
RT60
RT55
RT60
3.0
5.0

0
RT65
RT60
RT65
5.0
12.5

+1
RT70HC
RT65
RT70HC
7.0
20.0

Air flow rate (kg/h)

500

750

1000
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Table 3.4 Thermophysical properties of the PCMs considered (Rubitherm 2019).
Parameter
Melting range (℃)
Congealing range (℃)
Specific heat (kJ/(kg K))
Thermal conductivity (W/(m K))
Heat storage capacity (kJ/kg)
Density solid/liquid (kg/m3)

RT55
51-57
56-57
2.0
0.2
170
880/770

RT60
55-61
61-55
2.0
0.2
160
880/770

RT65
57-68
67-58
2.0
0.2
150
880/780

RT70HC
69-71
71-69
2.0
0.2
260
880/770

The details of the hybrid PV/T-SAC and PCM TES unit and the DWC system used in this
study are summarised in Table 3.5. To avoid a large pressure drop in the PCM TES unit
and improve the convective heat transfer between the air flow and the PCM panel, the
size of the air channels in the PCM TES unit was set as 10 mm based on the value
recommended in a previous study (Dolado et al. 2011). The width of the TES unit was set
as the same as the width of the PCM panel used (Rubitherm 2019). The number of PCM
layers was calculated based on the height of the TES unit which was set as 0.6 m assuming
that the unit will be placed under the suspended floor of the house. The channel depth of
the PV/T-SAC was set as 25 mm based on the result from a previous study (Fan et al.
2017). The ratio of the length of the PV/T to that of the PV/T-SAC was determined as 0.6
to ensure an acceptable amount of electricity generation and also to achieve a relatively
high outlet air temperature from the PV/T-SAC for DW regeneration. The ratio of the
regeneration side area to that of the process side and the ratio of the regeneration air flow
rate to that of the process air were set as 1:1. The resulted simulation design for Scenario
A is summarized in Table 3.6 and the simulation designs for Scenarios B and C were
similar to that of Scenario A and were therefore not provided.
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Table 3.5 Specifications of the DWC system, hybrid PV/T-SAC and PCM TES unit.
Component

PV/T-SAC

Parameter

Value

Source

Length (m)
Width (m)
Slope (degree)
Ratio of PV/T collector to SAC
Diameter (m)
Thickness (m)
Rotation speed (r/h)

6.0
4.0
18.4
6:4
0.4
0.2
12
Silica gel
(RD)

Roof width
Roof slope
-

Desiccant

DW

PCM TES
unit

Indirect
evaporative
cooler
Heat
recovery
unit

Area ratio of regeneration side to
process side
Flow rate ratio of regeneration air to
process air
Width (m)
Thickness of the PCM panel (mm)
Air channel (mm)

-

1:1

-

1:1
0.44
20
10

Number of PCM layers

20

Rugosity (mm)
Wet-bulb temperature effectiveness
Flow ratio of secondary air to
primary air

0.25
0.7

Charvát et al. (2014)
Charvát et al. (2014)
Dolado et al. (2011)
Based on the height of
0.6 m
Dolado et al. (2011)
White et al. (2009)

0.375:1.0

White et al. (2009)

Effectiveness

0.8

White et al. (2009)

Table 3.6 Simulation design and simulation results - Scenario A.
Length (m) Air gap (mm) Flow rate (kg/h)
3
7
3
7
3
7
3
7
3

5.0
5.0
20.0
20.0
5.0
5.0
20.0
20.0
12.5

500
500
500
500
1000
1000
1000
1000
750
69

STC (%)
RT60 RT65 RT70HC
71.5 69.3 61.7
91.0 92.1 86.4
75.3 73.3 67.6
93.0 95.7 91.4
57.9 52.2 33.3
78.2 72.9 64.4
61.0 56.7 36.9
82.8 78.1 68.9
66.5 64.4 51.2

7
5
5
5
5
5

12.5
5.0
20.0
12.5
12.5
12.5

750
750
750
500
1000
750

88.3
76.9
81.0
90.2
73.6
80.9

87.3
73.8
78.2
87.3
69.8
78.0

77.8
63.8
69.3
80.0
55.0
69.0

3.4.3 Results from the performance simulation
Table 3.6 summarizes the STC for all simulation exercises designed for Scenario A when
the regeneration temperature was 65 ℃. It can be seen that the STC was in the ranges of
57.9-93.0%, 52.2-95.7% and 33.3-91.4% when the PCMs of RT60, RT65 and RT70HC
were used. A response surface model was then generated for each PCM type under the
regeneration temperature of 65 ℃ based on the simulation results. Through the step-wise
regression, the general response surface model for three PCMs determined is expressed
in Eq. (3.11) and the coefficients used are summarized in Table 3.7.
STC = 𝑏0 + 𝑏1 𝑥1 + 𝑏2 𝑥2 + 𝑏3 𝑥2 + 𝑏11 𝑥12 + 𝑏22 𝑥22 + 𝑏12 𝑥1 𝑥3

(3.11)

where x1, x2, and x3 stand for the length, air gap, and air flow rate, respectively.
Table 3.7 Coefficients of the response surface models - Scenario A.
b0
b1
b2
b3
b11
b22
54.7946 11.2848 1.0088 -0.0338 -0.7253 -0.0290

b12
1.36E-3

R2
0.9912

RT65
55.9970 11.7443 1.0088 -0.0420 -0.7253 -0.0290
RT70HC 51.0256 13.1424 1.0088 -0.0582 -0.7253 -0.0290

1.36E-3
1.36E-3

0.9943
0.9954

RT60

Figs. 3.10a-c present the variation in STC when changing the PCM TES length and the
air gap between the glass cover and PV plate/absorber plate with different PCM types
under the air flow rate of 500 kg/h and the regeneration temperature of 65 ℃ while Fig.
3.10d presents the variation in STC with the change of the PCM TES length and air flow
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rate while keeping the air gap of 16.0 mm, PCM type of RT65, and regeneration
temperature of 65 ℃. It can be observed that the STC increased with the increase of PCM
TES length under the same PCM type and the air gap. The STC first increased and then
decreased with increasing air gap under the same PCM type and the PCM TES length.
The optimal value of the air gap which can maximise the STC was around 14.0-18.0 mm
for different types of PCMs considered. The highest STC under the flow rate of 500 kg/h
was achieved when using RT65 among the three PCMs tested. From Fig. 3.10d, it can be
seen that the STC increased with the decrease of the flow rate under a given PCM TES
unit length, which was resulted from the increase in the outlet air temperature of the PV/TSAC. Therefore, a relatively small charging air flow rate was suggested in this proposed
system.

a) RT60 and flow rate of 500 kg/h

b) RT65 and flow rate of 500kg/h

c) RT70HC and flow rate of 500kg/h

d) RT65 and air gap of 16.0 mm
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Fig. 3.10 Variation in STC with the changes of the key parameters under the
regeneration temperature of 65 ℃.
Based on the response surface model, the optimal combination of the parameters to
maximise the STC of the hybrid PV/T-SAC and PCM TES unit with the regeneration
temperature of 65 ℃ was determined and the results are presented in Table 3.8. The
predicted STC was 95.2% and the result from the confirmation test was 96.5% with a
relative error of 1.3%. Similar procedures were also carried out for Scenarios B and C to
generate the response surface models and the similar trends of STC as those of Scenario
A were also observed. The optimal designs identified for Scenario B and C are also
summarized in Table 3.8 while the detailed results were not provided in order to save the
page size. It is worthwhile to note that due to the prediction error of the response surface
model, the STC predicted under some conditions were slightly higher than 100%.
However, in principle, this is not possible. From Table 3.8, it is interesting to note that
RT65 was selected as the optimal PCM for the three different scenarios with different
regeneration temperatures. This was mainly due to the impact of the outlet air temperature
from the PV/T-SAC. It should be noted that the near-optimal designs identified based on
the five selected summer days might not be the near-optimal solutions if the optimisation
was carried out based on the whole cooling season.
Table 3.8 Optimal designs identified for Scenarios A, B and C.
Length (m)
Air flow rate (kg/h)
Air gap (mm)
PCM type

Scenario A Scenario B Scenario C
7.0
7.0
7.0
500
500
500
17.4
16.9
16.4
RT65
RT65
RT65
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STC (RSM model)
STC (confirmation test)

95.2%
96.5%

100.5%
100.0%

85.6%
82.6%

The simulation results based on the optimal values identified (i.e. Table 3.8) for Scenario
A are presented in Fig. 3.11. It can be seen that the supply air temperature and humidity
ratio can be generally controlled below 20 ℃ and 0.008 kg/kg, respectively. During the
majority of the test period, the heat from the hybrid PV/T-SAC and the PCM TES unit
can satisfy the heating demand for DW regeneration when the regeneration temperature
was 65 ℃.

a) Air temperature

b) Air humidity ratio
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c) Thermal energy demand and supply
Fig. 3.11 Results of the confirmation test using the optimal values identified - Scenario
A.
The supply air conditions of the DWC system under the regeneration temperatures of
60 ℃, 65 ℃, and 70 ℃ and under the optimal values identified (i.e. Table 3.8) over the
selected summer days are presented in Fig. 3.12. It can be seen that the humidity ratio
decreased with the increase of the regeneration temperature, indicating that the moisture
removal capacity of the desiccant wheel increased with the increase of the regeneration
temperature. During the simulation period, the supply air temperature was always
maintained lower than the desired condition (i.e. 20 ℃), indicating that the sensible load
was fully satisfied and therefore the SATU factors for three cases were zero. It is noted
that a fraction of the dehumidified process air was used as the secondary air of the indirect
evaporative cooler thereby the low supply air temperature could be achieved. The
humidity ratio of the supply air was occasionally higher than the desired condition (i.e.
0.0075 kg/kg), in particular for the regeneration temperature of 60 ℃. The SAHRU
factors under the regeneration temperatures of 60 ℃, 65 ℃ and 70 ℃ were 24.2%, 11.6%
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and 6.0% while the STCs were 100%, 96.5%, and 82.6%, respectively. From Fig. 3.12, it
can also be seen that a lower supply air temperature and a lower humidity ratio than the
required conditions were provided during the majority of the test period. This indicated
that the use of optimal control by appropriately varying the variables such as the
regeneration temperature and supply air flow rate may further increase the STC and
reduce the SAHRU factor. The STC could also be increased by increasing the length of
the PV/T-SAC to increase its outlet air temperature. However, the decision should be
made based on the detailed cost-benefit analysis.

Fig. 3.12 Supply air conditions under different regeneration temperatures.
Based on the above results, it can be concluded that the use of the proposed hybrid PV/TSAC and PCM TES unit to drive the DW regeneration is technically feasible under
Brisbane weather conditions if the system is appropriately designed and the regeneration
temperature is properly selected.
3.4.4 Performance evaluation of the DWC system under hot and humid conditions
The performance of the DWC system under hot and humid ambient conditions is
investigated in this section. A parametric study was implemented to evaluate the supply
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air temperature and humidity ratio of the DWC system under hot and humid climate
conditions. The parameters and their variation ranges used in the parametric study are
summarised in Table 3.9. The DW diameter was increased to improve its
dehumidification capacity. Relatively high regeneration temperatures were used for the
parametric study to achieve better dehumidification performance. It was assumed that the
size (i.e. length) of the indirect evaporative cooler was increased by increasing its
effectiveness, in order to reduce the supply air temperature.
Table 3.9 Parameters and variation ranges for the parametric study.
Parameter
Ambient air temperature
Ambient air relatively humidity
DW diameter
Regeneration temperature
IEC effectiveness

Variation range
[32 ℃, 40 ℃]
[65%, 80%]
0.4 m, 0.6 m
70 ℃, 80 ℃
0.7, 0.8

The supply air temperature and humidity ratio of the DWC system with the different DW
diameters, regeneration temperatures, and IEC effectiveness under hot and humid
ambient conditions are presented in Fig. 3.13. The supply air temperature increased with
the increase of the ambient air temperature and the supply humidity ratio increased with
the increase of the ambient air relatively humidity. It can be observed that the supply air
temperature and humidity ratio were above 20 ℃ and 0.0075 g/kg, respectively under
most of the circumstances, when using the DW diameter of 0.4 m and IEC effectiveness
of 0.7 (see Figs. 3.13a and 3.13c). The supply air temperature and humidity ratio were
substantially reduced when increasing the IEC effectiveness (see Figs. 3.13b and 3.13d)
and increasing the DW diameter (see Figs. 3.13e and 3.13g), respectively. The supply air
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temperature and humidity ratio were both significantly reduced when using the DW
diameter of 0.6 m and IEC effectiveness of 0.8 (see Figs. 3.13f and 3.13h). Under this
circumstance, the temperature of less than 20 ℃ could be achieved under ambient air
temperature as high as 39 ℃ when the relative humidity was 70%. The supply air
humidity ratio of less than 0.0075 kg/kg could be achieved under ambient air relative
humidity as high as 80% when the ambient air temperature was approximately 35 ℃.

a) DW diameter 0.4 m, Treg 70 ℃, eff. 0.7

b) DW diameter 0.4 m, Treg 70 ℃, eff. 0.8

c) DW diameter 0.4 m, Treg 80 ℃, eff. 0.7

d) DW diameter 0.4 m, Treg 80 ℃, eff. 0.8
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e) DW diameter 0.6 m, Treg 70 ℃, eff. 0.7 f) DW diameter 0.6 m, Treg 70 ℃, eff. 0.8

g) DW diameter 0.6 m, Treg 80 ℃, eff. 0.7 h) DW diameter 0.6 m, Treg 80 ℃, eff. 0.8
Fig. 3.13 Variation of supply air temperature and humidity ratio with different desiccant
wheel diameters, regeneration temperatures, indirect evaporative cooler effectiveness
under hot and humid conditions.
The results showed that both the size of the desiccant wheel and the indirect evaporative
cooler should be increased under hot and humid weather conditions, in order to meet the
thermal comfort requirements. High regeneration temperatures were also required
therefore a large size of the PV/T-SAC and the PCM TES unit should also be used.
Increasing the size of the system could increase its cooling capacity, while it will also
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increase the system initial cost. It is therefore of critical importance to consider the tradeoff between the initial cost and the operating performance, in order to properly size the
system. Life cycle analysis could be used to serve such a purpose.

3.5 Summary
In this chapter, a desiccant wheel cooling (DWC) system with integrated PV/T-SAC and
PCM TES unit was developed. The feasibility of using the PV/T-SAC and PCM TES unit
to drive the regeneration of the DWC system for residential applications was investigated.
The feasibility analysis was carried out based on a Solar Decathlon house under
Australian Brisbane summer weather conditions in terms of the performance indicators
of solar thermal contribution (STC), supply air temperature unsatisfied (SATU) factor and
supply air humidity ratio unsatisfied (SAHRU) factor.
The near-optimal values of the key parameters considered for the hybrid PV/T-SAC and
PCM TES unit were identified using the response surface method and it was found that
the STCs of using the hybrid PV/T-SAC and PCM TES unit to drive the regeneration of
the DWC system were 100%, 96.5% and 82.6% under different regeneration temperatures
of 60 ℃, 65 ℃ and 70 ℃, respectively. The results showed that the sensible cooling load
can be satisfied under all three scenarios with the regeneration temperatures of 60 ℃, 65 ℃
and 70 ℃ and the SAHRU factor was decreased from 24.2% to 6.0% when the
regeneration temperature increased from 60 ℃ to 70 ℃. The results from this study
demonstrated the technical feasibility of using the hybrid PV/T-SAC and PCM TES unit
to drive the desiccant wheel regeneration under Australian Brisbane weather conditions
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if the system is well designed.
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Chapter 4 Energy and Exergy Analysis of a Desiccant Wheel Cooling
System with Integrated Thermal Energy Storage and
Photovoltaic/Thermal-Solar Air Collectors
The feasibility of integrating a desiccant wheel cooling (DWC) system with a PV/T-SAC
and a PCM TES unit has been validated in Chapter 3. However, further investigation on
the performance of this system for both space cooling and space heating under different
operation modes is still required. Exergy analysis has been considered as an effective
approach to evaluating the performance of desiccant cooling systems and PCM TES, as
exergy analysis could provide information on the quality of energy generated and
consumed (Enteria et al. 2013; Sheng et al. 2015; Abbassi et al. 2017; Zhao et al. 2018).
This chapter presents energy analysis and exergy analysis of the DWC system with
integrated PV/T-SAC and PCM TES unit based on annual simulation results. The energy
performance of the system was evaluated in terms of specific net electricity generation
(SNEG) and solar thermal contribution (STC), and the exergy performance was evaluated
using the exergy destruction of individual components and the overall system. The
influences of several key design parameters on the energy and exergy performance of the
system were investigated using the response surface method.
This chapter is organised as follows. Section 4.1 presents the simulation system of the
DWC system with integrated PV/T-SAC and PCM TES unit which was used for both
space cooling and space heating. The simulation system was modified from that
developed in Chapter 3. Section 4.2 presents the development of the energy and exergy
analysis of the system. The results of the parametric study and response surface
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simulation are presented in Section 4.3. Section 4.4 summaries the key findings and
contributions of this chapter.

4.1 System modelling
This system was modelled and simulated using TRNSYS, as shown in Fig. 4.1, which
was modified based on the simulation system developed in Chapter 3. The PV/T-SAC
and the PCM TES unit were simulated using the dynamic models developed in Chapter
3. The PCM enthalpy-temperature relationship was determined using a parameterized
enthalpy-temperature curve function presented in Eq. (4.1) (Mazo et al. 2015), in which
ΔTpc is the temperature window determined according to the PCM phase change
temperature range. The pressure drop of the PV/T-SAC and the PCM TES unit was
calculated via an equivalent hydronic resistance network. To facilitate the annual
simulation, the desiccant wheel (DW) was modelled based on the analytical solution
developed by Kang et al. (2015), in which the outlet temperature and humidity ratio of
the process air were predicted using Eqs. (4.2) and (4.3), respectively. The pressure drops
across the DW was calculated using the equations provided by De Antonellis et al. (2010).
The indirect evaporative cooler was modelled using a one-dimensional model developed
by Chen et al. (2016) and the governing equation for the supply air is given in Eq. (4.4),
and the pressure drop across the indirect evaporative cooler was determined according to
Chen et al. (2017b). The heat recovery unit was modelled using the same method as that
used by TRNSYS component Type 760. The energy consumptions of the electric heater
and fan were determined using Eqs. (4.5) and (4.6), respectively.
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ℎ(𝑇) = ℎ0,𝑝𝑐𝑚 + 𝐶𝑝,𝑝𝑐𝑚 (𝑇 − 𝑇0,𝑝𝑐𝑚 ) +
𝑇𝑝𝑟𝑜,𝑎,𝑜𝑢𝑡 = 𝑇𝑝𝑟𝑜,𝑎,𝑖𝑛 +

𝑄𝑙𝑎𝑡
𝑇𝑝𝑐 −𝑇

1+𝑒𝑥𝑝(

∆𝑇𝑝𝑐

𝐴1 𝑒𝑥𝑝(−𝜆1 𝜏)+𝐴2 𝑒𝑥𝑝(−𝜆2 𝜏)
(𝑇𝑖𝑑𝑒𝑎𝑙
1⁄𝑁𝐷𝑊 +0.5

𝑊𝑝𝑟𝑜,𝑎,𝑜𝑢𝑡 = 𝑊𝑝𝑟𝑜,𝑎,𝑖𝑛 +

(4.1)

)

− 𝑇𝑝𝑟𝑜,𝑎,𝑖𝑛 )

𝐵1 𝑒𝑥𝑝(−𝜆1 𝜏)−𝐵2 𝑒𝑥𝑝(−𝜆2 𝜏)
(𝑊𝑝𝑟𝑜,𝑎,𝑖𝑛
1⁄𝑁𝐷𝑊 +0.5

− 𝑊𝑖𝑑𝑒𝑎𝑙 )

(4.2)
(4.3)

ℎ𝑐 (𝑇𝑠𝑢𝑝 − 𝑇𝑤𝑎𝑙𝑙 )𝑑𝐴 = 𝐶𝑝,𝑎 𝑚̇𝑠𝑢𝑝,𝑎 𝑑𝑇𝑠𝑢𝑝

(4.4)

𝑃𝐸𝐻 = 𝑚̇𝑟𝑒𝑔,𝑎 𝐶𝑝,𝑎 (𝑇𝑟𝑒𝑔,𝑎 − 𝑇𝑏𝑒𝑓𝑜𝑟𝑒,𝐸𝐻,𝑎 )

(4.5)

Pfan =

V Δp

(4.6)

ηfan

where Wd is the width of the PV/T-SAC, ∆x is the length of each control volume, Hfin is
the fin height, T is the temperature, ρ is the density, Cp is the specific heat capacity, ṁ is
the mass flow rate, hc is the forced convection coefficient, A is the area, Afin is the fin
surface area, k is the thermal conductivity, h is the enthalpy, W is the humidity ratio, P is
the power, V is the volumetric air flow rate, Δp is the pressure drop, ηfan is the fan
efficiency, and the subscripts ap, bp, pro, reg, sup, EH, a, in, and out indicate absorber
plate, bottom plate, process, regeneration, supply, electric heater, air, inlet and outlet,
respectively. The details of the parameters used in Eq. (4.1), and Eqs. (4.2) and (4.3) can
be found in Mazo et al. (2015) and Kang et al. (2015), respectively.
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Fig. 4.1 Simulation system of the DWC system with integrated PV/T-SAC and PCM
TES unit developed using TRNSYS.

4.2 Energy and exergy analysis
The energy performance of the DWC system with integrated PV/T-SAC and PCM TES
unit was evaluated using two performance indicators, i.e. STC (as defined in Chapter 3)
and SNEG. SNEG is the difference between the electricity generated by the PV/T-SAC
and the electricity consumption during the whole simulation period, divided by the total
area of the PV panels used and is calculated using Eq. (4.7).
𝑆𝑁𝐸𝐺 =

𝑡
1

∫𝑡 2 (𝑃𝑝𝑣,𝑖 −𝑃𝑓𝑎𝑛,𝑖 −𝑃𝐸𝐻,𝑖 )𝑑𝑡

(4.7)

𝐴𝑝𝑣

where Ta,in is the inlet air temperature of the PV/T-SAC or the PCM TES unit dependent
on the operation mode used, Qheat is the heating load, Ppv is the power generation of the
PV panels, Pfan and PEH are the power consumptions of the fan and electric heater
respectively, Apv is the area of the PV panel, and t1 and t2 are the start time and end time,
respectively
The exergy performance of the DWC system with integrated PV/T-SAC and PCM TES
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unit was evaluated based on the exergy destruction of the whole system and exergy
destructions of individual components including PV/T-SAC, PCM TES unit, DW, heat
recovery unit, indirect evaporative cooler, fan, and electric heater. The exergy destruction
indicates the irreversibility of a thermodynamic process, which should be minimized in
order to improve the exergy performance of the process. The exergy destruction rate of
the PV/T-SAC was evaluated using the technical boundary approach, which has been
widely used to evaluate the exergy performance of solar thermal collectors and PV/T
systems (Torio et al. 2009). The major assumption of the technical boundary approach
was that the exergy of the solar radiation was considered as thermal radiation at the sun
temperature and the conversion of solar radiation into thermal energy and electricity was
included in the analysis (Torio et al. 2009). Based on the technical boundary approach,
the exergy destruction rate (𝐸𝑥̇𝑑𝑒𝑠𝑡 ) of the PV/T-SAC could be determined using Eq. (4.8),
in which electricity was considered as pure exergy (Bejan 2016). The exergy of solar
radiation (𝐸𝑥̇𝑠𝑜𝑙𝑎𝑟 ) could be calculated using Eq. (4.9) (Petela 2003; Chow et al. 2009).
The specific exergy of air (exa) was calculated using Eq. (4.10) (Bejan 2016) by taking
thermal exergy, mechanical exergy, and chemical exergy into account.
𝐸𝑥̇𝑑𝑒𝑠𝑡,𝑃𝑆 = 𝐸𝑥̇𝑠𝑜𝑙𝑎𝑟,𝑃𝑆 + 𝑚̇𝑎,𝑃𝑆 (𝑒𝑥𝑎,𝑃𝑆,𝑖𝑛 − 𝑒𝑥𝑎,𝑃𝑆,𝑜𝑢𝑡 ) − 𝐸𝑥̇𝑙𝑜𝑠𝑠,𝑃𝑆 − 𝑃𝑝𝑣

(4.8)

1 𝑇
4 𝑇
𝐸𝑥̇𝑠𝑜𝑙𝑎𝑟 = 𝐴𝑃𝑆 𝐼𝑠𝑜𝑙𝑎𝑟,𝑃𝑆 (1 + 3 (𝑇 0 )4 − 3 (𝑇 0 ))

(4.9)

𝑠𝑢𝑛

𝑠𝑢𝑛

𝑇

𝑇

𝑝

0

0

0

𝑒𝑥𝑎 = (𝐶𝑝,𝑎 +𝑊𝑎 𝐶𝑝,𝑣 )𝑇0 (𝑇 − 1 − 𝑙𝑛 𝑇 ) + (1 + 1.608𝑊𝑎 )𝑅𝑎 𝑇0 𝑙𝑛 𝑝 + 𝑅𝑎 𝑇0 [(1 +
1.608𝑊𝑎 )𝑙𝑛

1+1.608𝑊𝑎,0
1+1.608𝑊𝑎

𝑊

+ 1.608𝑊𝑎 𝑙𝑛 𝑊𝑎]

(4.10)

0

where 𝐸𝑥̇𝑙𝑜𝑠𝑠 is the exergy loss rate from the component to ambient, Isolar, is the solar
radiation, Tsun is the sun temperature which is generally considered as 6,000 K (Chow et
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al. 2009; Gunerhan and Hepbasli 2007), R is the gas constant, p is the pressure, and the
subscripts PS, pv, and v indicate PV/T-SAC, PV panel, and vapour respectively, (T0, W0,
p0) represents the dead state of the exergy analysis, which were the ambient air
temperature, humidity ratio of the saturated air at T0, and atmosphere pressure,
respectively (Lin et al. 2018).
The exergy destruction rates of the DW, indirect evaporative cooler and electric heater
were evaluated using Eq. (4.11) (Tu et al. 2015), Eq. (4.12) (Lin et al. 2018), and Eq.
(4.13) (Hürdoğan et al. 2011), respectively. The specific exergy of water was determined
using Eq. (4.14) (Bejan 2016). The exergy destruction rates of the heat recovery unit and
fans were evaluated using similar methods as those of the DW and electric heater,
respectively. The exergy destruction rate of the TES unit during the charging process was
evaluated using Eq. (4.15) and that during the discharging process can be developed in a
similar way (Jegadheeswaran et al. 2010; Dincer and Rosen 2002). The exergy storage
rate of the PCM (𝐸𝑥̇𝑠𝑡𝑜𝑟𝑒,𝑃𝐶𝑀 ) was determined using Eq. (4.16) (Jegadheeswaran et al.
2010) and its exergy extract rate was determined in the similar way.
𝐸𝑥̇𝑑𝑒𝑠𝑡,𝐷𝑊 = 𝑚̇𝑎,𝑝𝑟𝑜 (𝑒𝑥𝑎,𝑝𝑟𝑜,𝑖𝑛 − 𝑒𝑥𝑎,𝑝𝑟𝑜,𝑜𝑢𝑡 ) + 𝑚̇𝑎,𝑟𝑒𝑔 (𝑒𝑥𝑎,𝑟𝑒𝑔,𝑖𝑛 − 𝑒𝑥𝑎,𝑟𝑒𝑔,𝑜𝑢𝑡 )
(4.11)
𝐸𝑥̇𝑑𝑒𝑠𝑡,𝐼𝐸𝐶 = 𝑚̇𝑎,𝐼𝐸𝐶,𝑝𝑟𝑖,𝑖𝑛 𝑒𝑥𝑎,𝐼𝐸𝐶,𝑝𝑟𝑖,𝑖𝑛 − 𝑚̇𝑎,𝐼𝐸𝐶,𝑝𝑟𝑖,𝑜𝑢𝑡 𝑒𝑥𝑎,𝐼𝐸𝐶,𝑝𝑟𝑖,𝑜𝑢𝑡 −
𝑚̇𝑎,𝐼𝐸𝐶,𝑠𝑒𝑐,𝑜𝑢𝑡 𝑒𝑥𝑎,𝐼𝐸𝐶,𝑠𝑒𝑐,𝑜𝑢𝑡 + 𝑚̇𝑒𝑣𝑎𝑝,𝑤,𝐼𝐸𝐶 𝑒𝑥𝑤,𝐼𝐸𝐶,𝑖𝑛

(4.12)

𝐸𝑥̇𝑑𝑒𝑠𝑡,𝐸𝐻 = 𝑚̇𝑎,𝐸𝐻 (𝑒𝑥𝑎,𝐸𝐻,𝑖𝑛 − 𝑒𝑥𝑎,𝐸𝐻,𝑜𝑢𝑡 ) + 𝑃𝐸𝐻

(4.13)

𝑒𝑥𝑤 = ℎ𝑤 (𝑇) − ℎ𝑣 (𝑇0 ) − 𝑇0 𝑠𝑤 (𝑇) + 𝑇0 𝑠𝑣 (𝑇0 ) + [𝑝 − 𝑝𝑠𝑎𝑡 (𝑇)]𝜐𝑤 (𝑇) − 𝑅𝑣 𝑇0 𝑙𝑛(𝑅𝐻0 )
(4.14)
86

𝐸𝑥̇𝑑𝑒𝑠𝑡,𝑃𝐶𝑀,𝑐ℎ𝑎𝑟 = 𝑚̇𝑎,𝑃𝐶𝑀 (𝑒𝑥𝑎,𝑃𝐶𝑀,𝑖𝑛 − 𝑒𝑥𝑎,𝑃𝐶𝑀,𝑜𝑢𝑡 ) − 𝐸𝑥̇𝑠𝑡𝑜𝑟𝑒,𝑃𝐶𝑀 − 𝐸𝑥̇𝑙𝑜𝑠𝑠,𝑃𝐶𝑀
(4.15)
𝐸𝑥̇𝑠𝑡𝑜𝑟𝑒,𝑃𝐶𝑀 = (𝑄̇𝑐ℎ𝑎𝑟 − 𝑄̇𝑙𝑜𝑠𝑠 )(1 − 𝑇

𝑇0
𝑃𝐶𝑀,𝑎𝑣𝑒

)

(4.16)

where s is the entropy, υ is the specific volume, 𝑄̇𝑐ℎ𝑎𝑟 is the thermal energy charged into
the TES unit, 𝑄̇𝑙𝑜𝑠𝑠 is the thermal energy loss from the TES unit to ambient, RH0 is the
relative humidity of air at the dead state, and the subscripts pri, sec, w, evap, sat, char,
and ave indicate primary, secondary, water, evaporation, saturation, charging, and average
respectively, and 𝑚̇𝑒𝑣𝑎𝑝,𝑤,𝐼𝐸𝐶 indicates the evaporation rate of water in the secondary air
channel.
The exergy destructions of the individual components during the whole simulation period
were obtained by integrating the corresponding exergy destruction rate over the
simulation time. The total exergy destruction of the DWC system with integrated PV/TSAC and PCM TES unit was the sum of the exergy destructions of the PV/T-SAC, PCM
TES unit, DW, heat recovery unit, indirect evaporative cooler, fan, and electric heater.
The exergy destruction of the duct was not considered as it has a negligible influence on
the exergy destruction of the system.

4.3 Model validation and setup of the simulation
The experimental data reported by Yamaguchi and Saito (2013) and Riangvilaikul and
Kumar (2010) were used to validate the models of the DW and indirect evaporative cooler
respectively, and the results are presented in Fig. 4.2. The simulated outlet temperature
and humidity ratio of the process air from the DW agreed well with the experimental data.
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The average deviations between the simulated results and the experimental data were 2.0%
for the outlet air temperature (Fig. 4.2a) and 5.5% for the outlet air humidity ratio (Fig.
4.2b). The simulated temperature difference between the inlet and outlet air of the indirect
evaporative cooler also agreed with that of the experiments and the deviations were within
± 10% (Fig. 4.2c).

a) Outlet air temperature (DW)

b) Outlet air humidity ratio (DW)
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c) Temperature difference (indirect evaporative cooler)
Fig. 4.2 Validation of the DW model and indirect evaporative cooler model.
In this study, the DWC system with integrated PV/T-SAC and PCM TES unit was
assumed to be used for space cooling and heating of the Solar Decathlon house as
described in Section 3.4.2. The total air-conditioned area of the house was 68 m2. The
house was assumed to be conditioned on a 24-hour basis. The performance simulation
was implemented for a typical year. The International Weather for Energy Calculation
(IWEC) data of Brisbane, Australia was used as the weather data. Fig. 4.3 shows the
cooling and heating load of the SD house simulated over the course of the year.

Fig. 4.3 Cooling and heating load of the Solar Decathlon house based on IWEC weather
data of Brisbane.
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The energy performance and exergy performance of the DWC system with integrated
PV/T-SAC and PCM TES unit were evaluated through investigating the influence of
seven key design parameters on the SNEG, STC, and the exergy destructions of individual
components and the overall system. The seven key design parameters considered were
the total length of the PV/T-SAC, PV factor, i.e. the ratio of the PV/T area to the total area
of the PV/T-SAC, air channel depth of the PV/T-SAC, DW thickness, total amount of the
PCM used which was controlled by varying the number of PCM layers, air channel depth
of the PCM TES unit, and PCM phase change temperature. The number of PCM layers
was considered as a discrete variable while the others were the continuous variables.
These design parameters were selected based on the results reported in the previous
studies (Ren et al. 2019b; Dolado et al. 2011; Fan et al. 2018). The interactions among
these parameters were further investigated using the RSM. To formulate the simulation
plan of the parametric study, a baseline design was established, and each key design
parameter was changed in each simulation while maintaining the other parameters
constant as the same values used in the baseline design. The values of the parameters used
in the baseline design and their variation ranges used are summarised in Table 4.1, which
were determined based on the trial tests. The PCM heat storage capacity was determined
based on the manufacturing data (Rubitherm 2019). Paraffin-based PCM was used in this
study due to its stable thermal performance. The other parameters of the DWC system
with integrated PV/T-SAC and PCM TES unit are summarized in Table 4.2, which were
determined based on Chapter 3 and previous studies (Ren et al. 2019b; Chen et al. 2018;
Dolado et al. 2011; Cui et al. 2014). It is worthwhile to note that the rotation speed of the
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DW increased when decreasing the DW thickness in order to maintain the required
dehumidification capacity of the DW (Yamaguchi and Saito 2013). A higher PV/T-SAC
rated air flow rate was used during the heating season than that used during the cooling
season, to avoid overheating of the supply air.
Table 4.1 Main parameters used in the baseline design and their variation ranges.
Parameter
PV/T-SAC
length (m)
PV factor
PV/T-SAC air
channel depth
(mm)
DW thickness
(m)

Baseline Variation Parameter
range
8.0
[6.0, 10.0] PCM TES unit air
channel depth
(mm)
0.6
[0.5, 0.8] Number of PCM
layers
25
[10, 30]
PCM phase
change
temperature (℃)
0.3
[0.2, 0.4]

Baseline Variation
range
10
[3, 20]

20
65

{10, 11, …,
20}
[55, 75]

Table 4.2 Specifications of the DWC system with integrated PV/T-SAC and PCM TES
unit.
Parameter
PV/T-SAC width (m)

Value
4.0

PV/T-SAC slope (o)

18.4

PV/T-SAC rated flow rate during
cooling seasons (kg/h)
PV/T-SAC rated flow rate during
heating seasons (kg/h)
DW diameter (m)
DW rotation speed (rph)
Regeneration to process side area
ratio
Regeneration to process side flow
rate ratio

900
1200
0.4
10-24
1:1
1:1
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Parameter
Indirect evaporative cooler
length (m)
Indirect evaporative cooler extra
ratio
Thermal efficiency of heat
recovery unit
Electrical efficiency of fan

Value
1.0

PCM TES unit width (m)
PCM brick thickness (m)
PCM thermal conductivity
(W/(m K))
PCM heat storage capacity
(kJ/kg)

1.2
0.02
0.2

0.3
0.75
0.65

250

indirect evaporative cooler width
(m)

0.4

PCM TES unit length (m)

3.0

To investigate the influence of the interactions among the seven design parameters on the
SNEG, STC, and total exergy destruction of the system, another simulation plan was
designed and implemented based on the RSM. The Face Centred Central Composite
Design with three levels for each parameter was used to formulate the simulation plan,
resulting in 79 simulation cases, based on the variation ranges of the design parameters
presented in Table 4.1. Quadratic equations were used to establish the response surface
models of the total exergy destruction, SNEG, and STC by the stepwise regression
method.

4.4 Results and discussion
4.4.1 Results from the parametric study
The simulation exercises were implemented using the simulation system developed using
TRNSYS. The exergy destructions of the desiccant wheel (DW), heat recovery unit,
indirect evaporative cooler, TES unit, electric heater, and fan are presented in Fig. 4.4,
while the total exergy destruction of the whole system and the exergy destruction of the
PV/T-SAC are presented in Fig. 4.5. It is worthwhile to note that the exergy destruction
of the PV/T-SAC contributed the majority of the exergy destruction of the system due to
the fact that the high-quality solar radiation was converted into low-grade thermal energy
and a relatively small amount of electricity. Therefore, the exergy destruction of the PV/TSAC was separately presented in Fig. 4.5 in order to clearly show the difference among
92

different components. It can be observed that the electric heater, fan, and TES contributed
substantial amounts of the exergy destruction, while the contribution from the indirect
evaporative cooler can be negligible (Fig. 4.4). The exergy destructions of the electric
heater and TES decreased and increased respectively with the increase in the PV/T-SAC
length (Fig. 4.4a). This can be explained by the increased outlet air temperature due to
the increased PV/T-SAC length. The exergy destruction of the TES slightly decreased
while those of the fan and electric heater slightly increased when increasing the PV factor
(Fig. 4.4b). The exergy destruction of the fan decreased significantly while those of the
TES and electric heater slightly decreased and increased with the increase of the PV/TSAC air channel depth (Fig. 4.4c). The exergy destruction of the DW and electric heater
decreased with the increase of the DW thickness (Fig. 4.4d), as the required regeneration
temperature of the DW was decreased with the increase of the heat and mass transfer area.
The exergy destruction of the heat recovery unit also decreased as the temperature of the
process air at the inlet of the heat recovery unit was decreased. However, the exergy
destruction of the fan increased due to the increased air pressure drop across the DW. The
exergy destruction of the TES increased with the increase of the amount of the PCM used
while that of the electric heater was substantially decreased (Fig. 4.4e). The exergy
destruction of the fan and the TES both decreased while that of the electric heater
increased with the increase of the air channel depth of the TES unit (Fig. 4.4f). The total
exergy destruction of these six components first decreased and then increased with the
increase of the PCM phase change temperature (Fig. 4.4g), which was mainly resulted by
the variation in the exergy destruction from the electric heater.
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a) PV/T-SAC length

b) PV factor

C ) PV/T-SAC air channel depth

e) PCM layers

d) DW thickness

f) PCM air channel depth g) Phase change temperature

Fig. 4.4 Variations in exergy destructions of DW, heat recovery unit, indirect
evaporative cooler, TES unit, electric heater, and fan when varying the design
parameters.
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a) PV/T-SAC length

b) PV factor

c) PV/T-SAC air channel depth

d) DW thickness

Fig. 4.5 Variations in the total exergy destruction and the exergy destruction of the
PV/T-SAC when varying the PV/T-SAC length, PV factor, PV/T-SAC air channel
depth, and DW thickness.
The results in Fig. 4.5a showed that the PV/T-SAC contributed a major fraction of the
exergy destruction of the system and the contributions from the other components were
insignificant. The exergy destruction of the whole DWC system with integrated PV/TSAC and PCM TES unit and the exergy destruction of the PV/T-SAC almost linearly
increased when the PV/T-SAC length was increased. Similar results were also found in
the previous studies (Torio and Schmidt 2008; Torio et al. 2009), in which it was indicated
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that replacing solar systems by fossil fuels could improve the exergy performance of a
heating and cooling system, and the solar collectors were the largest contributor to the
exergy destruction of the whole system. The exergy destructions of the whole system and
the PV/T-SAC both decreased with the increase of the PV factor as the electricity
generation was increased (Fig. 4.5b). The exergy destruction of the PV/T-SAC increased
with the increase of the air channel depth as presented in Fig. 4.5c due to the decrease in
thermal efficiency. However, there was an optimal value approximately at the PV/T-SAC
air channel depth of 0.016 m, which minimized the total system exergy destruction.
Similar results were also observed in Fig. 4.5d for the DW thickness while the influence
of the DW thickness on the exergy destruction of the PV/T-SAC was insignificant. The
exergy destruction of the PV/T-SAC remained constant of 47,491 kWh when varying the
PCM phase change temperature, the amount of the PCM used, and the PCM TES unit air
channel depth. The total exergy destruction of the whole system was therefore not
presented in Fig. 4.5 as it can be easily derived from the results presented in Fig. 4.4.
The results of the energy analysis in terms of the SNEG and STC are presented in Fig.
4.6, and the electricity consumptions of the electric heater and fan are presented in Fig.
4.7. It can be seen that the STC and SNEG increased while the increasing rate was reduced
when increasing the PV/T-SAC length (Fig. 4.6a). The increase of the STC and SNEG
could be explained by the reduced power consumption of the electric heater as presented
in Fig. 4.7a. From Fig. 4.6b, it can be seen that the SNEG first increased and then
decreased while the STC was slightly reduced with the increase of the PV factor. The
STC contribution was maintained at a relatively high level. The fan power consumption
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was not clearly influenced by the PV factor while the electric heater power consumption
increased when the PV factor was increased (Fig. 4.7b). The SNEG first increased and
then decreased with the increase of the PV/T-SAC air channel depth (Fig. 4.6c), as the
power consumptions of the fan and electric heater decreased and increased respectively
with different decreasing rate and increasing rate (Fig. 4.7c). The STC decreased with the
increase of the PV/T-SAC air channel depth due to the decreased thermal efficiency of
the PV/T-SAC. Similar trends of the SNEG, STC, and the power consumptions of electric
heater and fan were also observed when increasing air channel depth of the TES unit (Figs.
4.6f and 4.7f). The SNEG and STC both increased with the increase of the DW thickness
while the SNEG slightly decreased when the DW thickness was above 0.35 m (Fig. 4.6d),
which could be explained by the increased fan power consumption (Fig. 4.7d). The SNEG
and STC both increased with the increase in the number of PCM layers (Fig. 4.6e), as the
power consumption of the electric heater was substantially decreased (Fig. 4.7e). The
SNEG and STC both first increased and then decreased with the increase of the phase
change temperature (Fig. 4.6g), which could be explained by the opposite variation trend
of the power consumption of the electric heater (Fig. 4.7g).
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a) PV/T-SAC length

b) PV factor

c) PV/T-SAC air channel depth

e) PCM layers

d) DW thickness

f) PCM air channel depth

g) Phase change temperature

Fig. 4.6 Influence of the design parameters on the SNEG and STC.
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a) PV/T-SAC length

b) PV factor

c) PV/T-SAC air channel depth

e) PCM layers

d) DW thickness

f) PCM air channel depth g) Phase change temperature

Fig. 4.7 Influence of the design parameters on the power consumptions of the electric
heater and fan.
Based on the above results, it can be observed that the variation trends of the exergy
destruction of the electric heater and fan (Fig. 4.4) agreed well with the power
consumptions of the electric heater and fan (Fig. 4.7), respectively. This is because the
exergy destruction was mainly resulted by the conversion of high-quality electricity into
99

thermal energy in the electric heater and into kinematic energy in the fan. The energy
performance of the system can be improved when using a larger amount of the PCM used
(Fig. 4.6e). However, a larger amount of the PCM will result in slightly higher exergy
destruction of the TES (Fig. 4.4e). Therefore, an optimal amount of the PCM to be used
should be determined based on the trade-off between energy performance and exergy
performance. The energy analysis results showed that using a larger PV/T-SAC could
improve SNEG and STC. However, the exergy analysis results showed that the PV/TSAC contributed the largest fraction of the exergy destruction of the system and using a
larger PV/T-SAC will result in higher exergy destruction.
4.4.2 Results from the response surface simulation plan
Based on the annual performance data, the response surface models were developed to
predict the SNEG, STC, and total exergy destruction of the system using the RSM. R2 of
the models developed for the SNEG, STC, and total exergy destruction were 0.9809,
0.9923, and 0.9998, respectively. The response surface models developed for predicting
the SNEG, STC, and total exergy destruction are presented in Eqs. (4.17), (4.18), and
(4.19), respectively.
𝑆𝑁𝐸𝐺 = 𝑎0 + 𝑎1 𝐴 + 𝑎2 𝐵 + 𝑎3 𝐶 + 𝑎4 𝐷 + 𝑎5 𝐸 + 𝑎6 𝐹 + 𝑎7 𝐺 + 𝑏12 𝐴𝐵 + 𝑏13 𝐴𝐶 +
𝑏14 𝐴𝐷 + 𝑏15 𝐴𝐸 + 𝑏16 𝐴𝐹 + 𝑏17 𝐴𝐺 + 𝑏24 𝐵𝐷 + 𝑏25 𝐵𝐸 + 𝑏26 𝐵𝐹 + 𝑏34 𝐶𝐷 + 𝑏45 𝐷𝐸 +
𝑏46 𝐷𝐹 + 𝑏56 𝐸𝐹 + 𝑏57 𝐸𝐺 + 𝑏67 𝐹𝐺 + 𝑐1 𝐴2 + 𝑐3 𝐶 2 + 𝑐4 𝐷2 + 𝑐5 𝐸 2

(4.17)

𝑆𝑇𝐶 = 𝑎0 + 𝑎1 𝐴 + 𝑎2 𝐵 + 𝑎3 𝐶 + 𝑎4 𝐷 + 𝑎5 𝐸 + 𝑎6 𝐹 + 𝑎7 𝐺 + 𝑏12 𝐴𝐵 + 𝑏13 𝐴𝐶 +
𝑏14 𝐴𝐷 + 𝑏15 𝐴𝐸 + 𝑏16 𝐴𝐹 + 𝑏17 𝐴𝐺 + 𝑏24 𝐵𝐷 + 𝑏34 𝐶𝐷 + 𝑏35 𝐶𝐸 + 𝑏36 𝐶𝐹 + 𝑏37 𝐶𝐺 +
𝑏45 𝐷𝐸 + 𝑏46 𝐷𝐹 + 𝑏56 𝐸𝐹 + 𝑏57 𝐸𝐺 + 𝑏67 𝐹𝐺 + 𝑐1 𝐴2 + 𝑐4 𝐷2 + 𝑐7 𝐺 2
100

(4.18)

𝐸𝑥𝑑𝑒𝑠𝑡,𝑡𝑜𝑡𝑎𝑙 = 𝑎0 + 𝑎1 𝐴 + 𝑎2 𝐵 + 𝑎3 𝐶 + 𝑎4 𝐷 + 𝑎5 𝐸 + 𝑎6 𝐹 + 𝑎7 𝐺 + 𝑏12 𝐴𝐵 +
𝑏13 𝐴𝐶 + 𝑏14 𝐴𝐷 + 𝑏15 𝐴𝐸 + 𝑏16 𝐴𝐹 + 𝑏17 𝐴𝐺 + 𝑏24 𝐵𝐷 + 𝑏34 𝐶𝐷 + 𝑏45 𝐷𝐸 + 𝑏46 𝐷𝐹 +
𝑏56 𝐸𝐹 + 𝑏57 𝐸𝐺 + 𝑏67 𝐹𝐺 + 𝑐1 𝐴2 + 𝑐3 𝐶 2 + 𝑐4 𝐷2 + 𝑐5 𝐸 2

(4.19)

where A is the PV/T-SAC length, B is the PV factor, C is the PV/T-SAC air channel depth,
D is the DW thickness, E is the PCM TES unit air channel depth, F is the number of PCM
layers, and G is the PCM phase change temperature. The coefficients used are
summarized in Table 4.3.
Table 4.3 Coefficients of Eqs. (4.17), (4.18), and (4.19).
SNEG
a0

a1

a2

a3

a4

a5

a6

-613.4239

89.2097

337.1042

590.7365

1074.691

5742.023

11.9412

a7

b12

b13

b14

b15

b16

b17

-3.2223

-19.6057

231.2372

-41.6715

134.4848

-0.6563

0.3061

b24

b25

b26

b34

b45

b46

b56

-123.2651

-748.9322

-4.7448

2124.2878

2461.4914

-4.4336

-104.1454

b57

b67

c1

c3

c4

c5

-30.7382

0.03417

-4.1034

-84761.47

-899.7272

-1.40559E5

STC
a0

a1

a2

a3

a4

a5

a6

0.3767

0.0747

-0.1703

-4.0415

1.2890

5.5989

3.4652E-3

a7

b12

b13

b14

b15

b16

b17

4.3129E-3

0.0107

0.3687

-0.0522

0.4539

-6.8520E-4

6.4287E-4

b24

b34

b35

b36

b37

b45

b46

0.1289

3.3102

-19.3049

0.0325

-0.0232

4.2673

-6.6538E-3

b56

b57

b67

c1

c4

c7

0.1303

-0.0474

9.0527E-5

-5.5176E-3

-1.2068

-8.5186E-5

Exdest,total
a0

a1

a2

a3

a4

a5

a6

8658.427

5340.804

381.8026

-44576.97

-13819.54

-1.2976E5

-130.8634

a7

b12

b13

b14

b15

b16

b17

38.7120

-399.3880

-3159.1339

448.4571

-3703.446

5.3532

-3.5388

b24

b34

b45

b46

b56

b57

b67

-29734.76

-1293.179

-39993.69

86.7528

2893.393

444.9587

-0.4774

c1

c3

c4

c5

48.9032

2.0583E6

1479.3622

3.4256E6
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The variations of the SNEG when simultaneously changing two parameters of the seven
key design parameters while maintaining the other five parameters the same as those used
in the baseline case, are presented in Fig. 4.8. It is noted that this figure was developed
using the data generated from the response surface model for the SNEG. Under a given
PV/T-SAC length, the SNEG decreased with the decrease of the PV factor, however, the
decreasing rate of the SNEG was reduced when increasing the PV/T-SAC length (Fig.
4.8a). Similar trends of the SNEG were also observed when varying the number of PCM
layers and the PV/T-SAC length (Fig. 4.8e). The SNEG increased with the increase of the
DW thickness when the PV/T-SAC length was 6 m. However, when the PV/T-SAC length
was increased to 10 m, the SNEG first increased and then decreased with the increase of
the DW thickness (Fig. 4.8c). The results from Fig. 4.8a-f showed that the PV/T-SAC
length was generally the-larger-the-better. However, the maximal SNEG was obtained
when the PV/T-SAC length was approximately 9 m under a large PV factor or a large DW
thickness (Fig. 4.8a and c). It can be also observed that the profile of the SNEG was in a
convex surface and the peak value of the SNEG was obtained when the air channel depths
of the PV/T-SAC and the PCM TES unit were between the upper and lower bounds (Fig.
4.8m). Similar impacts due to the variation of the air channel depths of the PV/T-SAC
and the PCM TES unit can also be observed in Fig. 4.8b, d, g, i, l, n, o, p, s and t. As the
trends of the STC when simultaneously varying two key design parameters were
relatively simple and most of them were monotonic, the results of the STC were therefore
not provided.
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a) A×B

b) A×C

c) A×D

d) A×E

e) A×F

f) A×G

g) B×C

h) B×D

i) B×E

j) B×F

k) B×G

l) C×D

m) C×E

n) C×F

o) C×G
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p) D×E

q) D×F

r) D×G

s) E×F

t) E×G

u) F×G

Fig. 4.8 Variations of SNEG with the change of seven key design parameters (A - PV/TSAC length; B - PV factor; C - PV/T-SAC air channel depth; D - DW thickness; E PCM TES unit air channel depth; F - number of PCM layers; and G - PCM phase
change temperature).
The variations of the total exergy destruction when simultaneously varying two key
design parameters are presented in Fig. 4.9. It can be observed that the variation trends of
the exergy destruction were almost linear with the change of the PV/T-SAC length and
the interactions between the PV/T-SAC length and other parameters were insignificant
(Fig. 4.9a-f). The variation of the exergy destruction was mostly influenced by the PV/TSAC length and higher exergy destruction was resulted when increasing the PV/T-SAC
length. The exergy destruction always decreased with the increase of the PV factor (Fig.
4.9g-k) as the electricity was the pure exergy and its influence on the exergy destruction
of the PV/T-SAC was much higher than that of the thermal energy generation from the
PV/T-SAC. The total exergy destruction generally first decreased and then increased with
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the increase of the DW thickness (Fig. 4.9h, l, and p-r). The profile of the total exergy
destruction was in a concave surface and the influence of the air channel depths of the
PV/T-SAC and the PCM TES unit on the exergy destruction (Fig. 4.9m) was therefore
opposite to those on the SNEG (Fig. 4.8m). Similar impacts on the total exergy
destruction due to the variation of the air channel depths of the PV/T-SAC and the PCM
TES unit can also be observed in Fig. 4.9g, i, l, n, o, p, s, and t.

a) A×B

b) A×C

c) A×D

d) A×E

e) A×F

f) A×G

g) B×C

h) B×D

i) B×E
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j) B×F

k) B×G

l) C×D

m) C×E

n) C×F

o) C×G

p) D×E

q) D×F

r) D×G

s) E×F

t) E×G

u) F×G

Fig. 4.9 Variations of total exergy destruction with the change of seven key design
parameters (A - PV/T-SAC length; B - PV factor; C - PV/T-SAC air channel depth; D DW thickness; E - PCM TES unit air channel depth; F - number of PCM layers; and G PCM phase change temperature).
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The results from RSM analysis showed that the variation of the SNEG was non-linear
and the parameters investigated are more or less interacted with each other. Therefore,
such interactions should be considered in performance evaluation and optimal design of
such systems.
The above results showed that PV/T-SAC represented the largest exergy destruction in
the system, which is consistent with the results reported in the previous studies (Torio and
Schmidt 2008; Torio et al. 2009). Therefore, it is necessary to use both energy analysis
and exergy analysis to optimise the design of desiccant cooling systems driven by solar
energy. In the meanwhile, it is also of great importance to improve the fan efficiency and
optimise the sizes of air channels for PV/T-SAC and PCM TES units to enhance the
overall efficiency.

4.5 Summary
This chapter investigated the energy and exergy performance of the desiccant wheel
cooling (DWC) system with integrated PV/T-SAC and PCM TES unit for residential
applications. A parametric study was first implemented to evaluate the influence of seven
key design parameters (i.e. total length and air channel depth of the PV/T-SAC, PV factor,
desiccant wheel (DW) thickness, total amount of the PCM used, air channel depth of the
PCM TES unit, and the PCM phase change temperature) on the system performance in
terms of solar thermal contribution (STC), specific net electricity generation (SNEG), and
the exergy destructions of individual components and the overall system. The interactions
among these parameters were further investigated using the response surface method
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(RSM).
The results showed that the exergy destruction of the overall system was mainly
contributed by the PV/T-SAC. The exergy destruction of the overall system, the SNEG
and STC were increased with the increase of the PV/T-SAC length. The exergy
performance and energy performance of the overall system were significantly influenced
by the length and PV factor of the PV/T-SAC. The energy performance was substantially
influenced by the DW thickness and total amount of the PCM used. Nonlinear interactions
among the key design parameters were observed under the most test cases in terms of the
SNEG of the system. The PV/T instead of the PV/T-SAC might be a better option to
decrease exergy destruction. However, the result from the energy analysis showed that
the PV/T-SAC using less PV/T could provide a higher STC while the SNEG can be
maximised with a relatively high PV factor. The performance of the system could be
further improved through optimal design. The electric heater also contributed a large part
of the exergy destruction, which means that energy-efficient heating methods such as heat
pumps might further improve the exergy performance of such systems.
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Chapter 5 Life Cycle Analysis and Optimal Design of a Desiccant
Wheel Cooling System with Integrated Thermal Energy Storage and
Photovoltaic/Thermal-Solar Air Collector
Design optimisation is critical to maximising the benefits of solar desiccant wheel cooling
(DWC) systems. Investigations on the optimal design which can minimise the system life
cycle cost (LCC) could provide a deep understating of their economic benefits and could
potentially facilitate the wide deployment of solar DWC systems. In this chapter, the
optimal design of the DWC system with integrated PV/T-SAC and PCM TES unit was
implemented using a simulation-based design optimisation strategy that combined the
integer-based genetic algorithm and the response surface method (IGA-RSM). The
combination of the integer-based genetic algorithm and the response surface method was
designed to tackle the system nonlinearity with manageable computational costs. The
LCC of the system was evaluated and used as the objective function. The influence of the
economic factors on the optimal design and LCC of the system was investigated using
the IGA-RSM. The simulation system developed in the previous chapters is used to
evaluate the performance of the DWC system with integrated PV/T-SAC and PCM TES
unit with different design parameters.
This chapter is organised as follows. Section 5.1 presents the development of the IGARSM design optimisation strategy. Setup of simulations was presented in Section 5.2. The
results of design optimisation of the DWC system with integrated PV/T-SAC and PCM
TES unit and the influence of economic factors on the system optimal design are
presented in Sections 5.3 and 5.4, respectively. Section 5.5 summaries the key findings
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and contributions of this chapter.

5.1 Development of the design optimisation strategy
The primary objective of the design optimisation in this study is to identify the optimal
combination of main design parameters, which minimises the twenty-year LCC of the
DWC system with integrated PV/T-SAC and PCM TES unit. The outline of this strategy
is presented in Fig. 5.1. In this strategy, the IGA-RSM method was used to search for the
optimal combination of the main design parameters based on given constraints. The
continuous constraints were discretised into smaller parameter spaces and a number of
models developed based on the response surface method were used to predict the
performance of the system over the entire range of the constraints. The simulation system,
as developed in Chapter 4, was used to provide data to develop the response surface
models.
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Fig. 5.1 Outline of the optimisation strategy.
5.1.1 Integer-based genetic algorithm with response surface method
The procedures for implementation of the IGA-RSM optimisation method are also
presented in Fig. 5.1. The IGA-RSM started with the random generation of the initial
population as part of the integer-based GA, in which each individual was defined as a
single optimisation problem to be optimised using the response surface method. An
illustrative comparison of the parameter spaces of an optimisation problem with three
parameters (x, y, and z) when using the GA for continuous variables and the IGA-RSM is
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presented in Figs. 5.2a and 5.2b, respectively. It can be observed from Fig. 5.2a that the
individuals were scattered randomly in the parameter space when using the GA for
continuous variables and each individual represented a simulation case to be implemented.
When using the IGA-RSM, the parameter space was divided into a number of small
parameter spaces (Fig. 5.2b), and each block, i.e. a small parameter space, was an
individual in one generation of the IGA-RSM, which was formulated by a combination
of small constraints for the design parameters. For each individual, a simulation plan was
designed using the response surface method inside the parameter space defined by the
individual, i.e. small boxes in Fig. 5.2b, and the simulation was then implemented. The
optimal design which maximised/minimised the objective function was identified using
the response surface method on the basis of the simulation results. The performance, i.e.
objective function, of the individual was then evaluated using the optimal design
identified with the response surface method, and the IGA was then used to generate the
next generation based on the performance of individuals. The iteration was terminated
when the termination criterion was satisfied, and the optimal design of the best individual
identified by the IGA was then considered as the global optimal design. The
implementation of the IGA-RSM was achieved using the MATLAB as the main program
and the simulation system developed in TRNSYS was called as a sub-function of the main
program. It is worthwhile to note that the simulation plan for the individual in the IGARSM optimisation strategy was designed based on the response surface method and they
were not randomly generated, which is a major difference between the IGA-RSM and the
GA for continuous variables. With the IGA-RSM, the number of populations in each
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generation of the GA could be significantly reduced as compared to the GA for continuous
variables and the overall computational load of the optimisation process could be reduced.
On the other hand, the robustness of the IGA-RSM could be significantly improved as
compared to conventional response surface method, due to the use of GA.

Fig. 5.2 Parameter spaces of an optimisation problem with three parameters, when using
a) GA for continuous variables, and b) integer-based GA integrated with RSM.
5.1.2 Response surface method for evaluation of individuals
The Face Centred Central Composite Design was used to formulate the simulation plan
and the design parameters were evaluated at three levels. The simulation was then
executed using the simulation system and the objective function of each simulation was
evaluated. A response surface model that was used to predict the objective function was
developed based on the simulation results using the Levenberg-Marquardt nonlinear
least-squares algorithm (Seber and Wild 2011). A second-order polynomial model as
presented in Eq. (3.5) was used as the response surface model in this study. The interiorpoint algorithm (Byrd et al. 2000) and the response surface model were then used to
determine the optimal design. The design of the simulation plan and the post-process of
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the simulation data was carried out using MATLAB while the simulation exercises were
implemented in the TRNSYS simulation system. It is noted that the computational cost
for the regression of the response surface model and the optimisation using the response
surface model could be much smaller than that required by the simulation program when
annual simulations are implemented. The overall computational cost of the IGA-RSM
highly depends on the number of the simulation cases implemented.
5.1.3 The objective function
The LCC of the DWC system with integrated PV/T-SAC and PCM TES unit was used as
the objective function in this study, and the LCC was defined as the summation of three
sub-costs including initial cost (Cini), operating cost (Cop), and maintenance cost (Cmt).
The initial cost was considered as the total cost for purchasing the major equipment,
including the desiccant wheel (DW), heat recovery unit, the indirect evaporative cooler,
the PCM TES unit, the PV/T-SAC, and the accessories such as fans, electric heater and
ducting, and it was determined using Eq. (5.1). The initial costs of the DW, PCM TES
unit, and PV/T-SAC were determined using Eqs. (5.2)-(5.4), respectively. The operating
cost and the maintenance cost over the entire life cycle of the system were determined
using Eqs. (5.5) and (5.6) (Xia et al. 2018), respectively.
𝐶𝑖𝑛𝑖 = 𝐶𝑖𝑛𝑖,𝐷𝑊 + 𝐶𝑖𝑛𝑖,𝐻𝑅𝐷 + 𝐶𝑖𝑛𝑖,𝐼𝐸𝐶 + 𝐶𝑖𝑛𝑖,𝑇𝐸𝑆 + 𝐶𝑖𝑛𝑖,𝑃𝑉/𝑇−𝑆𝐴𝐶 + 𝐶𝑖𝑛𝑖,𝑎𝑐𝑐𝑒

(5.1)

𝐶𝑖𝑛𝑖,𝐷𝑊 = 𝛽1,𝐷𝑊 + 𝛽2,𝐷𝑊 × 𝛿𝐷𝑊

(5.2)

𝐶𝑖𝑛𝑖,𝑇𝐸𝑆 = 𝛽1,𝑇𝐸𝑆 + 𝛽2,𝑇𝐸𝑆 × 𝑀𝑃𝐶𝑀

(5.3)

𝐶𝑖𝑛𝑖,𝑃𝑉/𝑇−𝑆𝐴𝐶 = 𝐶𝑢𝑛𝑖𝑡,𝑃𝑉𝑇 × 𝐴𝑃𝑉𝑇 + 𝐶𝑢𝑛𝑖𝑡,𝑆𝐴𝐶 × 𝐴𝑆𝐴𝐶

(5.4)
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𝐶𝑜𝑝 = (

1−(1+𝑟)−𝑛𝑦𝑒𝑎𝑟
𝑟

𝑛

) ∑1 𝑡 {

(𝐸𝑒𝑙𝑒𝑐,𝑐𝑜𝑛,𝑖 − 𝐸𝑒𝑙𝑒𝑐,𝑝𝑣,𝑖 )𝑃𝑝𝑢𝑟 , (𝑖𝑓 𝐸𝑒𝑙𝑒𝑐,𝑐𝑜𝑛,𝑖 ≥ 𝐸𝑒𝑙𝑒𝑐,𝑝𝑣,𝑖 )
(𝐸𝑒𝑙𝑒𝑐,𝑐𝑜𝑛,𝑖 − 𝐸𝑒𝑙𝑒𝑐,𝑝𝑣,𝑖 )𝑃𝑠𝑎𝑙𝑒 , (𝑖𝑓 𝐸𝑒𝑙𝑒𝑐,𝑐𝑜𝑛,𝑖 < 𝐸𝑒𝑙𝑒𝑐,𝑝𝑣,𝑖 )
(5.5)

𝐶𝑚𝑡 = (

1−(1+𝑟)−𝑛𝑦𝑒𝑎𝑟
𝑟

)𝐶𝑖𝑛𝑖 𝜃𝑚𝑡

(5.6)

5.2 Setup of the simulation
During the simulation, the DWC system with integrated PV/T-SAC and PCM TES unit
was used to provide space cooling and heating for the Solar Decathlon house as described
in the previous chapters. The system performance was evaluated over the course of a year
under the weather conditions of Brisbane, Australia. The weather data from the
International Weather for Energy Calculation database were used in the simulation. The
simulated cooling and heating loads of the house and the ambient air temperature are
presented in Fig. 5.3. The cooling season was mainly from January to April and from
October to December, and the heating season was from June to August. It can be observed
that the cooling demand was much higher than the heating demand.

Fig. 5.3 Simulated load profiles of the case-study house and ambient air temperature.
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Seven main design parameters including the length of the PV/T-SAC (LPV/T-SAC), the PV
factor (θPV), i.e. the ratio of the PV/T area to the total area of the PV/T-SAC, the PV/TSAC air channel depth (δPV/T-SAC), the amount of PCM used (NPCM), the TES unit air
channel depth (δPCM), the PCM phase change temperature (TPC), and the DW thickness
(δDW), were selected as the main design parameters in this study. The PV/T-SAC
contributed a large part to the initial cost of the system and the PV/T-SAC length and PV
factor had a significant influence on the energy and exergy performance of the system.
The air channel depths of the PV/T-SAC and the PCM TES unit directly influenced their
thermal performance respectively, and they also affect the fan power consumption (Ren
et al. 2019b; Fan et al. 2017). The amount of the PCM used in the TES unit influenced
the performance of the system in terms of the net electricity generation (NEG), thermal
energy storage capacity, and energy self-sufficiency (Ren et al. 2019b), which was
controlled by the number of the PCM layers used. The thickness of the DW also
considered as a key parameter as it greatly affected the dehumidification performance of
the DW (Yamaguchi and Saito 2013). Variation ranges of the main design parameters
optimised in this study are presented in Table 5.1.
Table 5.1 Variation ranges of main design parameters.
Parameter/Price
PV/T-SAC length, LPV/T-SAC (m)
PV factor, θPV
PV/T-SAC air channel depth, δPV/T-SAC (mm)
Number of PCM layers, NPCM
PCM TES unit air channel depth, δPCM (mm)
PCM phase change temperature, TPC (℃)
DW thickness, δDW (m)
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Range
6.0-10.0
0.5-0.8
10.0-30.0
5-20
5.0-20.0
55.0-75.0
0.2-0.4

The other parameters used in the simulation and the prices used for the LCC analysis are
provided in Table 5.2, which were determined based on results from previous chapters.
The length and width of the PCM TES unit were maintained constant while the height of
the unit was varied as the number of PCM layers was changed during the optimisation.
The prices of the components were generally determined based on the information
collected from wholesalers’ websites and manufacturers’ quotations (Alibaba 2019;
Rubitherm 2019; Solar Online Australia 2019). The cost of the DW was determined based
on the cost of a DW with a thickness of 0.2 m, and the cost of the DW was increased with
the increase of the thickness at a rate of $3,325 per 0.1 m which was estimated based on
the previous studies (Wrobel et al. 2013; Aprea et al. 2015). The electricity purchase and
sale prices were determined based on the information provided by the Government of
Queensland (2019). The maintenance cost ratio, i.e. θmt, was determined based on a
previous study (Eicker et al. 2014).
Table 5.2 Main parameters used in the simulation and the prices of the components
(Ren et al. 2019b; Alibaba 2019; Rubitherm 2019; Solar Online Australia 2019; Wrobel
et al. 2013; Aprea et al. 2015; Government of Queensland 2019; Eicker et al. 2014).
Parameter
PV/T-SAC slope (o)
PV/T-SAC width (m)
PV/T-SAC rated flow rate
(cooling / heating) (kg/h)
DW rotation speed (rph)
IEC length × width × height (m)
IEC extra ratio
TES unit length × width (m)

Value
18.4
4.0
900
/
1,200
10-24
1.0 × 0.4
× 0.3
0.3
3.0 × 1.2
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Price
PV/T collectors ($/m2)
SAC ($/m2)
DW (per 0.1 m thickness)
($ / 0.1 m)
IEC ($/each)
Heat recovery unit ($/each)

Value
225
100
3,325
510
650

PCM ($/kg)
8
Accessory: fan, electric 910
heater and ducting ($)

PCM heat storage capacity 250
(kJ/kg)
HRU thermal efficiency
0.75
Fan electrical efficiency

Electricity
sale
price 0.1
($/kWh)
Electricity purchase price 0.32
($/kWh)
Maintenance cost ratio, θmt
1.5%

0.65

5.3 Optimisation results
5.3.1 Results of optimal design
The optimised values of the main design parameters and the simulation results of the
system using the optimised parameters are presented in Table 5.3. The results of the
system using two baseline designs were also presented in Table 5.3. The main design
parameters of the baseline cases I and II were determined based on a previous study (Ren
et al. 2019b) and the DWC system with integrated PV/T-SAC and PCM TES unit used
the designs of the baseline case I and baseline case II achieved high and moderate
performance in a summer month, respectively, in terms of the NEG. The system using the
baseline design cases I and II achieved NEG of 322.0 kWh and 90.5 kWh over the
simulated month, respectively. The optimisation result showed that the LCC of this
system using the optimal design was significantly reduced when comparing to those of
the two baseline cases, mainly due to the substantially reduced initial investment. The
operating costs of all three cases, as presented in Table 5.3, were negative, indicating that
the benefit from the electricity exported to the electrical grid could cover the cost of the
electricity purchase from the grid. The operating cost of the baseline case I was
significantly lower, i.e. by 78.7%, than that of the optimal case while its initial investment
was much higher. The operating cost of the baseline case II was reduced by 20.2% as
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compared to the optimal case while its initial investment was still relatively high.
Table 5.3 Main design parameters of the baseline cases and optimal case
Design case
PV/T-SAC length (m)
PV factor
PV/T-SAC air channel depth (mm)
Number of PCM layers
PCM TES unit air channel depth (mm)
PCM phase change temperature (℃)
DW thickness (m)
Initial investment ($)
Operating cost ($)
Maintenance cost ($)
Twenty-year LCC ($)

Baseline I
10.0
0.78
14.5
20
4.6
67.2
0.330
21,381
-5,390
3,997
19,988

Baseline II
10.0
0.60
25.0
20
10.0
65.0
0.200
19,616
-3,626
3,667
19,657

Optimal
9.1
0.79
13.1
6
8.3
57.4
0.280
13,930
-3,016
2,604
13,518

The breakdown of the initial investments and the monthly operating costs of the DWC
system with integrated PV/T-SAC and PCM TES unit using the three different design
cases are presented in Fig. 5.4. It can be observed that the initial investment of the optimal
case on the PV/T-SAC was increased when comparing to that of the baseline case II, as a
larger area of the PV/T collector was used, while it was less than that of the baseline case
I as the PV/T-SAC total length was reduced in the optimal case. The initial investment of
the optimal case on the PCM TES unit was largely reduced, as compared to those of the
two baseline cases, as a smaller amount of the PCM was used. The variation of the initial
investment on the DWC system was mainly resulted by the different thicknesses of the
DW used. The other costs including the cost of the electric heater, the fans, and the ducting
remained the same for the three cases. The monthly operating cost (see Fig. 5.4b) of the
system using the optimal design was decreased and increased as compared to the baseline
case II and the baseline case I, respectively, from May to November during which the
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cooling and heating loads were relatively low. The monthly operating cost of the system
using the optimal design was positive from January to March and was extremely high in
February and this will be explained later in this section.

a) Initial investment

b) Monthly operating cost
Fig. 5.4 a) Breakdown of the initial investment and b) monthly operating cost of the
DWC system with integrated PV/T-SAC and PCM TES unit using different design
cases.
The NEG of the DWC system with integrated PV/T-SAC and PCM TES unit using
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different design cases is presented in Figs. 5.5a-5.5c. Positive NEG indicated that the
excess electricity generated by the PV/T-SAC was exported to the grid, while negative
NEG indicated that the electricity was purchased from the grid. It can be observed that
the electricity was mainly purchased during the nighttime in the optimal case and the
baseline case II while the electricity was barely purchased from the grid in the baseline
case I. A large amount of electricity import during nighttime was observed in January,
February and March (Fig. 5.5a). This was resulted by the joint effect of the relatively high
cooling demand (see Fig. 5.3) and the occasional low solar radiations (see Fig. 5.5d). The
high monthly operating cost in February presented in Fig. 5.4b could be explained by the
frequent electricity purchase during the nighttime and the higher electricity purchase price
over the sale price. The results in Figs. 5.4 and 5.5 showed that the optimal design case
was mainly achieved by the trade-off between the initial investment and the NEG of the
system. Although the LCC of the baseline case I was relatively high, it showed great
energy self-sufficiency, which may be more promising when the energy independence
was a major concern.
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a) Optimal case

b) Baseline case I
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c) Baseline case II

d) Solar radiation
Fig. 5.5 Net electricity generation of the DWC system with integrated PV/T-SAC and
PCM TES unit using a) optimal case; b) baseline case I; c) baseline case II; and d) solar
radiation data.
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The breakdown of the daily thermal energy supply (in percentage) for the DW
regeneration and space heating of the system using the optimal and baseline design cases
is presented in Fig. 5.6. The electric heater was frequently used in the optimal case while
it was seldom used in the baseline case I. This was due to the fact that the capacity of the
TES unit used in the baseline case I was much larger than that used in the optimal case,
and the TES unit of the baseline case I was capable to provide more thermal energy for
the DW regeneration when the solar radiation was relatively low. It can be also observed
that the thermal energy for space heating was all supplied by the PV/T-SAC and PCM
TES unit under all three cases as the heating load during the winter was relatively small
under the Brisbane weather condition. The thermal energy for space heating was mainly
provided by the PCM TES unit as the peak heating load usually occurred during the
nighttime. The optimisation results showed that the design of the PCM TES unit is critical
to the system LCC, and oversizing of the PCM TES unit could reduce the use of the
electric heater and the operating cost of the system while it may also increase the LCC of
the system as the initial investment on the PCM was relatively high.

a) Optimal case
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b) Baseline case I

c) Baseline case II
Fig. 5.6 Breakdown of the daily thermal energy supply (in percentage) for the DW
generation and space heating.
5.3.2 Comparison between IGA-RSM and conventional GA for optimising continuous
variables
A comparison study was carried to demonstrate the improvement of the simulation-based
optimisation strategy using the IGA-RSM over the conventional GA for optimising
continuous variables. Two design optimisation cases of the DWC system with integrated
PV/T-SAC and PCM TES unit were implemented using the IGA-RSM and the
conventional GA, respectively. The same simulation setup as presented in Section 5.2 was
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used, while the simulation time period was one summer week and the objective of the
optimisation was to maximise the specific net electricity generation (SNEG) of the system
over the week. The number of population of the conventional GA was set as 50. The
optimisation results showed that the same optimal design was identified by the IGA-RSM
and the conventional GA, that is, the PV/T-SAC length of 10.0 m, the PV factor of 0.73,
the PV/T-SAC air channel depth of 16.6 mm, the number of PCM layers of 20, the phase
change temperature of 75 ℃, the TES unit air channel depth of 8.3 mm, and the DW
thickness of 0.298 m. The SNEG of the system using the optimal design was 2.7 kWh/m2.
The variations of the objective function of the best individual in each generation of the
IGA-RSM and the conventional GA are presented in Fig. 5.7. It can be observed that the
optimal solution was found at 26 and 121 generations when using the IGA-RSM and
conventional GA, respectively. At the generation where the optimal solution was found,
1,521 individual simulation cases were implemented when using the IGA-RSM, which
was significantly less than that using the conventional GA (i.e. 4,534 simulation cases).
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Fig. 5.7 The objective function of the best individual in each generation of the IGARSM and the conventional GA.

5.4 Influences of economic factors
Simulation analysis was also implemented to evaluate the sensitivity of the optimisation
results to economic factors including the PV/T unit price, PCM unit price, electricity
purchase price and electricity sale price. The simulation plan and the results of the design
optimisation, as well as the LCC are presented in Table 5.4, and the variations of the LCC,
initial investment, and annual operating cost of the system using the optimal designs with
the change of the economic factors are presented in Fig. 5.8. The results showed that these
four factors all influenced the results of the design optimisation substantially and the
electricity sale price was the most influential one. The LCC of the system was
dramatically decreased with the increase of the electricity sale price due to the decreased
operating cost. The LCC of the system increased with the increase of the PV/T unit price,
PCM unit price, and electricity purchase price. It can also be observed that the use of
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PV/T and PCM was less preferred when the unit prices of PV/T and PCM were relatively
high (see Table 5.4). Negative annual operating cost of the system using the optimal
design could be achieved when the electricity sale price was higher than $0.10, indicating
that significant economic benefits could be achieved by this system when high solar feedin tariffs are available.
Table 5.4 Optimal designs identified under different economic factors.
Parameter

Price

LPV/T-

θPV

SAC

PV/T unit
price
($/m2)

PCM unit
price
($/kg)

Electricity
purchase
price ($)

Electricity
sale price
($)

10.0
10.0
10.0
9.7
9.1
7.7
8.0
8.0
9.0
9.1
9.1
9.2
7.0
7.1
7.6
9.0
9.3
9.5
7.3
9.1
10.0
10.0
10.0
10.0

NPCM

δPCM
(mm)

TPC
(℃)

δDW
(m)

LCC
($)

6
6
6
6
6
6
8
8
7
6
6
5
5
5
5
5
6
6
6
6
6
6
6
6

8.1
8.1
8.1
8.2
8.3
10.0
6.5
6.3
6.5
8.3
8.3
10.0
10.0
10.0
10.0
10.0
13.1
13.2
9.1
8.3
10.0
10.0
10.0
10.0

58.4
58.4
58.4
58.1
57.4
56.0
58.2
57.0
58.2
57.4
57.4
56.5
55.0
55.0
55.1
56.4
57.6
57.8
56.0
57.4
58.5
58.5
58.5
58.3

0.274
0.274
0.274
0.275
0.280
0.284
0.268
0.275
0.268
0.280
0.280
0.291
0.264
0.276
0.283
0.290
0.281
0.283
0.283
0.280
0.277
0.276
0.276
0.277

9,760
10,709
11,659
12,612
13,520
14,356
11,751
12,277
12,680
13,110
13,520
13,845
11,754
12,358
12,894
13,334
14,045
14,410
15,155
13,520
10,737
7,822
4,907
2,006

SAC

(m)
125
150
175
200
225
250
4
5
6
7
8
9
0.15
0.20
0.25
0.30
0.35
0.40
0.05
0.10
0.15
0.20
0.25
0.30

δPV/T(mm)

0.8
0.8
0.8
0.8
0.79
0.65
0.74
0.76
0.78
0.79
0.79
0.80
0.80
0.80
0.80
0.80
0.78
0.77
0.50
0.79
0.80
0.80
0.80
0.80

13.7
13.7
13.7
13.5
13.1
13.1
13.0
13.3
13.0
13.1
13.1
13.2
12.9
13.1
13.1
13.1
13.1
13.2
12.5
13.1
15.0
15.0
15.0
17.5
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a) PV/T unit price

b) PCM unit price

c) Electricity purchase price

d) Electricity cell price

Fig. 5.8 Variations of the LCC, initial investment, and annual operating cost of the
system using the optimal design with the changes of economic factors.
The results presented above demonstrate the effectiveness of the simulation-based design
optimisation strategy developed in this study. The LCC of the system could be
substantially reduced when the optimal design was utilised. The results also showed the
great potential of this system in terms of economic benefits under the case study
conditions.

5.5 Summary
This chapter presented the optimal design of the desiccant wheel cooling (DWC) system
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with integrated PV/T-SAC and PCM TES unit using a simulation-based design
optimisation strategy. The design optimisation strategy was formulated by the integration
of the integer-based genetic algorithm and response surface method (IGA-RSM) to tackle
the system nonlinearity with manageable computational costs. The twenty-year life cycle
cost (LCC) of the system was used as the objective function of the optimisation, which
was evaluated based on the annual simulation of the Solar Decathlon house.
The optimisation results showed that the system LCC using the optimal design was
reduced by 32.4% and 31.2% and the initial investment of the system was reduced by
34.8% and 29.0%, as compared to the systems using two baseline designs, respectively.
It was also found that the PCM TES unit should be properly sized and the auxiliary
heating devices should be used to minimise the LCC of the system. The influence of four
economic factors, i.e. PV/T price, PCM price, electricity purchase price and electricity
sale price on the optimal design and LCC of the system was also investigated. It was
found that the optimisation results were mostly influenced by the electricity sale price and
significant economic benefits could be achieved when high solar feed-in tariffs were
available. The results presented in this study could be helpful and provide insights for the
design of renewable cooling and heating systems.
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Chapter 6 Characterisation and Evaluation of a New Phase Change
Enhanced Working Solution for Liquid Desiccant Cooling
Liquid desiccant cooling (LDC) as one of the alternative solutions for space cooling has
received increasing attention for air conditioning and dehumidification due to its
effectiveness in humidity control and great potentials in energy savings (Mei and Dai
2008; Abdel-Salam and Simonson 2016; Guo et al. 2016). A dehumidifier is a key
component in a LDC system. Conventional adiabatic dehumidifiers are relatively simple
units, but they must work with a high desiccant flow rate and a high air flow rate in order
to achieve a better dehumidification efficiency (Abdel-Salam and Simonson 2016;
Rafique et al. 2016). In adiabatic dehumidifiers, the temperature of the desiccant solution
continuously increases along the desiccant flow direction, deteriorating the
dehumidification efficiency as the ability of a desiccant solution to attract water vapour
from an air stream decreases with the increase of the solution temperature and the
decrease of the solution concentration (Fumo and Goswami 2002). Micro-encapsulated
phase change material (MPCM) slurry has been extensively studied as heat transfer fluids
which have a high thermal capacity at relatively constant temperatures (Niu et al. 2017;
Al-Abidi et al. 2013; Mahdi and Nsofor 2017). In this chapter, a novel phase change
enhanced LiCl (i.e. PCM-LiCl) desiccant solution was proposed to improve the
dehumidification efficiency of adiabatic dehumidifiers. The new solution was prepared
by dispersing MPCMs into LiCl desiccant solutions. As MPCMs have a relatively large
thermal storage capacity, the dispersion of MPCMs into liquid desiccant (LD) can enable
the mixture work under a low-temperature condition, improving overall dehumidification
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efficiency. This chapter presents the development and properties characterisation of the
PCM-LiCl desiccant solution including density, enthalpy-temperature (h-T) relationship,
particle size distribution, thermal conductivity, and vapour pressure.
The chapter is organised as follows. The development and characterisation of the PCMLiCl desiccant solutions are presented in Section 6.1 and Section 6.2, respectively.
Section 6.3 presents the characterisation of MPCMs and pure LiCl desiccant solutions.
Section 6.4 presents the results of the properties characterisation and the key findings of
this chapter are summarised in Section 6.5.

6.1 Development of PCM-LiCl desiccant solutions
Dehumidifiers can generally offer a better performance when the desiccant solution is
working in a low temperature condition such as in the range of 20-30 ℃ (Wang et al.
2016; Liu et al. 2007). As shown in Fig. 6.1a (Koronaki et al. 2013), the temperature of
the LiCl desiccant solution is continuously increased along the height of the adiabatic
dehumidifier due to the heat and mass transfer between the process air and the LD and
the absorption heat released during the dehumidification process. This increased
temperature will lead to the increase in the vapour pressure of the LD and therefore
decrease the vapour pressure difference between the process air and LD, which
deteriorates the moisture transfer and dehumidification effectiveness of the adiabatic
dehumidifier. This deterioration can be further confirmed by the results (see Fig. 6.1b)
reported in another study (Islam et al. 2018), in which it was shown that the mass flux of
moisture between the process air and LD decreased along the flow direction of the LD.
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As PCMs have a large storage density, the dispersion of MPCMs into LDs can improve
the thermal capacity of the mixture and therefore can decrease the temperature increase
of the LD along the flow direction of the adiabatic dehumidifier, improving overall
dehumidification effectiveness.

a) Temperature of the LD (Koronaki et al. 2013)

b) Mass flux of moisture (Islam et al. 2018)
Fig. 6.1 Temperature of LD and mass flux of moisture along the flow direction of an
adiabatic dehumidifier.
In this study, two commercially available MPCM products, i.e. BASF Micronal DS
5038X and Micronal DS 5040X with a melting temperature of 25 ℃ and 23 ℃
respectively, were used to prepare phase change enhanced LiCl desiccant solutions. Both
MPCMs were made of a highly crosslinked polymethylmethacrylate (PMMA) polymer
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wall and paraffin inside as the PCM. It is noted that the MPCMs used in this study might
not be optimal. As the temperature of the inlet working solution of the dehumidifier is a
controlled variable, the phase change materials should be selected based on the set-point
of the inlet working solution temperature in order to ensure that the PCM undergoes the
phase change process during the dehumidification. Deionized water and LiCl with a
purity higher than 98% were used to prepare LiCl desiccant solutions. The PCM-LiCl
desiccant solution was prepared through directly dispersing the MPCM particles into the
LiCl desiccant solution via mechanical stirring.

6.2 Characterisation of PCM-LiCl desiccant solutions
To understand the likely benefits of using this new working solution for air
dehumidification, the properties of the PCM-LiCl desiccant solutions, including density,
h-T relationship, particle size distribution, thermal conductivity, and vapour pressure
should be first characterised. In this study, these properties were characterised through
either theoretical analysis or experimental measurements.
6.2.1 Density
The density of the PCM-LiCl desiccant solution was determined based on the density of
each insoluble component of the mixture as the potential non-homogeneity of the new
solution might introduce errors in measurements of the mixture. As the PMMA has a good
resistance to LiCl and is insoluble in LiCl desiccant solutions, the density of the PCMLiCl desiccant solution can be calculated using Eq. (6.1) (Chen et al. 2008), in which the
density of the MPCM was measured using a pycnometer and the density of the LiCl
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desiccant solution was determined using the correlation expressed in Eq. (6.2) (Conde
2004).
𝜌𝑃𝐶𝑀−𝐿𝑖𝐶𝑙 = 𝜌

𝜌𝑃𝐶𝑀 𝜌𝐿𝑖𝐶𝑙

(6.1)

𝑃𝐶𝑀 (1−𝑥𝑚,𝑃𝐶𝑀 )+𝜌𝐿𝑖𝐶𝑙 𝑥𝑚,𝑃𝐶𝑀

𝑥

𝜌𝐿𝑖𝐶𝑙 = 𝜌𝐻2𝑂 ∑3𝑖=0 𝛼𝑖 (1−𝑥𝑚,𝐿𝑖𝐶𝑙 )𝑖

(6.2)

𝑚,𝐿𝑖𝐶𝑙

where ρ is the density, αi are the parameters and the values of α0–α3 were 1.0, 0.540966, 0.303792, 0.100791, respectively (Conde 2004), xm is the mass fraction, and the
subscripts PCM-LiCl, PCM and LiCl indicate phase change enhanced LiCl desiccant
solution, micro-encapsulated phase change material, and LiCl desiccant solution,
respectively.
6.2.2 Enthalpy-temperature (h-T) relationship
Differential scanning calorimeter (DSC) tests are commonly used to measure h-T
relationships of PCMs. In this study, the h-T relationship of the PCM-LiCl desiccant
solution was not measured directly as LiCl desiccant solutions may corrode the metal
container of the DSC device and further damage the equipment. Thus, the h-T relationship
of the new solution was determined using Eq. (6.3), based on the enthalpy of the LiCl
desiccant solution determined using Eq. (6.4) (Chaudhari and Patil 2002) and the DSC
test results of the MPCMs.
ℎ𝑃𝐶𝑀−𝐿𝑖𝐶𝑙 = 𝑥𝑚,𝑃𝐶𝑀 ℎ𝑃𝐶𝑀 + (1 − 𝑥𝑚,𝑃𝐶𝑀 ) ℎ𝐿𝑖𝐶𝑙

(6.3)

ℎ𝐿𝑖𝐶𝑙 = 𝐴 + 𝐵𝑇 + 𝐶𝑇 2

(6.4)

where h is the enthalpy, T is the temperature, and the coefficients of A, B, and C are
calculated using Eqs. (6.5-6.7) (Chaudhari and Patil 2002), respectively.
3
2
𝐴 = − 66.2324 + 11.2711𝑥𝑚,𝐿𝑖𝐶𝑙 − 0.79853𝑥𝑚,𝐿𝑖𝐶𝑙
+ (2.1534𝐸 − 02)𝑥𝑚,𝐿𝑖𝐶𝑙
−
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4
(1.66352𝐸 − 04)𝑥𝑚,𝐿𝑖𝐶𝑙

(6.5)

2
𝐵 = 4.5751 − 0.146924𝑥𝑚,𝐿𝑖𝐶𝑙 + (6.307226𝐸 − 03)𝑥𝑚,𝐿𝑖𝐶𝑙
− (1.38054𝐸 −
3
4
04)𝑥𝑚,𝐿𝑖𝐶𝑙
+ (1.06690𝐸 − 06)𝑥𝑚,𝐿𝑖𝐶𝑙

(6.6)

2
𝐶 = (−8.09689𝐸 − 04) + (2.18145𝐸 − 04)𝑥𝑚,𝐿𝑖𝐶𝑙 − (1.36194𝐸 − 05)𝑥𝑚,𝐿𝑖𝐶𝑙
+
3
4
(3.20998𝐸 − 07)𝑥𝑚,𝐿𝑖𝐶𝑙
− (2.64266𝐸 − 09)𝑥𝑚,𝐿𝑖𝐶𝑙

(6.7)

6.2.3 Thermal conductivity
The thermal conductivity of the PCM-LiCl desiccant solution was calculated using
Maxwell’s equation as shown in Eq. (6.8), which has been widely used to calculate the
thermal conductivity of MPCM suspensions (Chen et al. 2008; Goel et al. 1994). The
thermal conductivity of the MPCM particles (kPCM) was determined using the composite
sphere approach reported by Goel et al. (1994), in which the heat transfer resistance of
the shell material was determined based on the thickness of the MPCM shell. The heat
transfer resistance of the core material was evaluated based on the assumption that a solid
sphere is in an infinite medium (Guyer 1999). The thermal conductivity of the MPCM
can then be calculated using Eq. (6.9) (Goel et al. 1994). The diameter of the MPCM
particle was measured using a particle size analyser to be introduced in Section 6.3 and
the thickness of the PMMA shell was determined using the composition of the MPCM
measured using a thermogravimetric analyser (see Section 6.3). The thermal conductivity
of the LiCl desiccant solution is calculated using Eq. (6.10) (Conde 2004).
𝑘𝑃𝐶𝑀−𝐿𝑖𝐶𝑙
𝑘𝐿𝑖𝐶𝑙
1
𝑘𝑃𝐶𝑀 𝑑𝑃𝐶𝑀

=

2𝑘𝐿𝑖𝐶𝑙 +𝑘𝑃𝐶𝑀 +2𝑥𝑣,𝑃𝐶𝑀 (𝑘𝑃𝐶𝑀 −𝑘𝐿𝑖𝐶𝑙 )

(6.8)

2𝑘𝐿𝑖𝐶𝑙 +𝑘𝑃𝐶𝑀 −𝑥𝑣,𝑃𝐶𝑀 (𝑘𝑃𝐶𝑀 −𝑘𝐿𝑖𝐶𝑙 )

=𝑘

1
𝑐 𝑑𝑐

𝑑

+ 𝑘 𝑃𝐶𝑀
𝑑

−𝑑𝑐

(6.9)

𝑠 𝑃𝐶𝑀 𝑑𝑐

(6.10)

𝑘𝐿𝑖𝐶𝑙 = 𝑘𝐻2𝑂 − 𝛼𝑅 𝑥𝑚,𝐿𝑖𝐶𝑙,𝑒
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where k is the thermal conductivity, xv is the volume fraction, d is the diameter, αR is the
equivalent thermal conductivity depression, xm,LiCl,e is the equivalent ionic concentration,
and the subscripts s and c indicate shell and core, respectively.
6.2.4 Vapour pressure
The dehumidification performance of a LD is directly influenced by the vapour pressure
difference between the LD and process air (Mei and Dai 2008). In this study, the vapour
pressure of the PCM-LiCl desiccant solution was measured using a thermogravimetric
method (Price 2001). In this method, the mass loss of the sample is measured using a
thermogravimetric analyser (i.e. TGA 5500 from TA Instruments was used in this study)
and the result is then used to determine the vapour pressure of the solution by using the
Langmuir equation for free vaporisation, as shown in Eq. (6.11) (Giani 2014).
1 𝑑𝑚

(6.11)

𝑙𝑜𝑔(𝑃𝑇 ) = 𝛽1 𝑙𝑜𝑔 (𝛽 | 𝑑𝑡 | ) + 𝛽3
2

𝑑𝑚

where | 𝑑𝑡 |

𝑇

𝑇

and PT are the mass loss rate and the vapour pressure at a given temperature

respectively, and β1, β2 and β3 are the coefficients influenced by the geometry structure of
the crucible. In this study, these three coefficients were determined based on the
experimental results for a reference substance (i.e. pure water) with the known vapour
pressure.
During the test, the sample was placed in a sealed crucible with a 0.35 mm-diameter hole
on the lid, as illustrated in Fig. 6.2a. The crucible was then placed on the holder of the
balance inside the thermogravimetric analyser (Fig. 6.2b). The sample was purged by a
pure nitrogen gas flow in order to maintain the water content outside the crucible close to
zero.
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a) Schematic of vapour pressure measurement

b) Thermogravimetric analyser used in this study
Fig. 6.2 Vapour pressure measurement using a thermogravimetric analyser.

6.3 Characterisation of MPCMs and pure LiCl desiccant solutions
The properties of the MPCMs were determined either using the information provided in
the product data sheet (Microteklabs 2018) or through the experimental measurements.
The MPCM used was in a physical form of powder and the bulk density of the MPCM
was provided in the data sheet (Microteklabs 2018). However, the particle density of the
MPCM was required to determine the density of the PCM-LiCl desiccant solutions. In
this study, a pycnometer was used to measure the particle density of the MPCM.
DSC tests were carried out to characterise the h-T relationship of the two MPCMs. The
tests were implemented using a micro DSC (micro DSC III, SETARAM) device with a
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weight of the samples of around 300 mg. The heating/cooling rate used was 0.05 K/min.
The particle size distribution of the MPCM was measured using a laser diffraction particle
size analyser and the sample was pre-processed in an ultrasonic bath for deagglomeration
of the particles before the measurement. The results were analysed using Mie model
(Black et al. 1996), which worked well for homogeneous and spherical particles with a
diameter less than 30 μm (de Boer et al. 1987; Giro-Paloma et al. 2013). The Mie model
was derived by solving Maxwell’s equations describing electromagnetic radiation for the
light scattered by a homogeneous sphere under the uniform illumination (Black et al.
1996).
Thermogravimetric analysis was carried out using a thermogravimetric analyser to
determine the composition of the MPCMs, and then to calculate the thickness of the
PMMA shell. During the test, the MPCM was heated to a temperature of 600 ℃ with a
scanning rate of 1.0 K/min, and the test was then carried out using a nitrogen gas flow.
As LiCl is highly hygroscopic and pure LiCl may absorb the moisture from the air during
the preparation. A thermogravimetric analysis test for LiCl desiccant solutions was
therefore carried out to determine the mass fraction of LiCl in the solution. During the
measurement, the LiCl desiccant solution was heated to a temperature of 350 ℃ with a
scanning rate of 5.0 K/min and was then maintained at 350 ℃ for 18 hours (Masset 2009).
The thermogravimetric analysis test was also performed with a nitrogen gas flow.

6.4 Results from properties characterisation
In this section, the properties of the MPCMs and PCM-LiCl desiccant solutions were
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respectively characterised using the methods introduced in Sections 6.2 and 6.3. The
majority of the tests presented in this study were repeated in order to confirm the
consistency of the results.
6.4.1 Results from characterisation of MPCM properties
The measured densities of the MPCM DS 5038X and MPCM DS 5040X were 990.9 ±
0.6 kg/m3 and 1012.6 ± 0.4 kg/m3, respectively. These results were considered to be
reasonable as the density of the two major compositions, i.e. paraffin wax and PMMA,
were around 850 kg/m3 and 1150 kg/m3, respectively.
The DSC curves of the MPCM DS 5038X and MPCM DS 5040X are presented in Fig.
6.3 and their onset temperatures, peak temperatures, and heat of fusion during the cooling
and heating processes are summarized in Table 6.1. The heat of fusion of the MPCM was
calculated based on the temperature range of 15-28 ℃. It can be observed that the peak
phase change temperatures of the MPCM DS 5038X for both heating and cooling were
slightly higher than those of the MPCM DS 5040X. The results from Table 6.1 also
showed that the onset temperatures of the MPCM DS 5038X were higher than those of
the MPCM DS 5040X during both cooling and heating processes.
Table 6.1 Onset temperatures, peak temperatures, and heat of fusion of the two
MPCMs.
DS 5038X

DS 5040X

Onset Temp.

Peak Temp.

Heat of

Onset Temp.

Peak Temp.

Heat of

(℃)

(℃)

fusion (J/g)

(℃)

(℃)

fusion (J/g)

Heating

22.55

25.37

96.7

19.87

24.64

94.8

Cooling

24.37

22.60

96.2

23.83

21.53

93.2
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Fig. 6.3 DSC test results of DS 5038X and DS 5040X.
The measured particle size distributions of the MPCMs are presented in Fig. 6.4. The
volumetric average diameters of the MPCMs DS 5038X and DS 5040X were determined
as 3.51 μm and 3.68 μm, respectively. It can be observed that the particle size distributions
of both MPCMs were in the range of 1-10 μm.

a) DS 5038X

b) DS 5040X

Fig. 6.4 Particle size distribution of the two MPCMs.
The results (i.e. percentage weight and mass loss rate of the sample) from the
thermogravimetric analysis of the MPCMs DS 5038X and DS 5040X and a sample of the
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MPCM DS 5038X after the decomposition test are presented in Fig. 6.5. The
thermogravimetric analysis results of the shell material (i.e. PMMA) obtained from
(Costache et al. 2006) were also provided. It can be seen that the thermal degradation of
the MPCM DS 5038X can be divided into three phases and the MPCM was mainly
decomposed in the first two phases at a temperature below 330 ℃, and the PMMA was
completely decomposed at a temperature of around 454 ℃ (Fig. 6.5a). Similar trends
were also observed for the MPCM DS 5040X (Fig. 6.5b). By comparing the
thermogravimetric analysis curve of the MPCM to that of the PMMA, it can be derived
that the composition of the MPCM DS 5038X was 17.4% wt. PMMA, 67.5% wt. paraffin,
and 15.1% wt. residual and that of the MPCM DS 5040X was 17.1% wt. PMMA, 69.5%
wt. paraffin, and 13.4% wt. residual. The similar results were also reported by GiroPaloma et al. (2013) and Giro-Paloma et al. (2014).

a) DS 5038X
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b) DS 5040X

c) DS 5038X after the decomposition test
Fig. 6.5 Decomposition of PMMA (Costache et al. 2006), MPCM DS 5038X and
MPCM DS 5040X.
6.4.2 Verification of vapour pressure measurement
The vapour pressure of the LiCl desiccant solution was measured using the
thermogravimetric method and the results were compared with the calculated values
determined using the correlation expressed in Eq. (6.12) (Conde 2004). The concentration
of the LiCl desiccant solution was first determined via a thermogravimetric analysis test
and the vapour pressure of the LiCl desiccant solution was then measured at a temperature
of 50 ℃ using the method presented in Fig. 6.2. The test results are presented in Fig. 6.6,
which were measured based on the initial concentration of the LiCl solution of 29.53%.
It can be found that the vapour pressure of the solution decreased with the increase of the
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solution concentration and the measured values generally agreed well with the calculated
results. The average and maximum deviations between the measured and calculated
values were 1.9% and 5.5%, respectively. It is worthwhile to note that the total mass of
the test sample used was relatively small due to the capacity of the crucible used and the
increase of the concentration was resulted by the continuous loss of the water in the
solution.
(6.12)

𝑃𝐿𝑖𝐶𝑙 = 𝜋25 𝑓(𝑥𝑚,𝐿𝑖𝐶𝑙 , 𝜃)𝑃𝐻2𝑂

where θ is the reduced temperature, f(xm,LiCl, θ) is determined using Eq. (6.13) (Conde
2004), and π25 is calculated using Eq. (6.14) (Conde 2004).
𝑓(𝑥𝑚,𝐿𝑖𝐶𝑙 , 𝜃) = 2 − [1 + (
𝜋25 = 1 − [1 + (

𝑥𝑚,𝐿𝑖𝐶𝑙 𝜋 𝜋
) 1] 2
𝜋0

𝑥𝑚,𝐿𝑖𝐶𝑙 𝜋 𝜋
) 7] 8
𝜋6

+ {[1 + (

− 𝜋9 𝑒𝑥𝑝(−

𝑥𝑚,𝐿𝑖𝐶𝑙 𝜋 𝜋
) 4] 5
𝜋3

(𝑥𝑚,𝐿𝑖𝐶𝑙 −0.1)2
0.005

)

− 1}𝜃

(6.13)
(6.14)

where π0-π8 are the coefficients and the values used were provided in Table 6.2 (Conde
2004).

Fig. 6.6 Measured and calculated vapour pressures of the LiCl desiccant solution.
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Table 6.2 Coefficients for vapour pressure calculation of LiCl desiccant solutions
(Conde 2004).
π0
0.28

π1
4.30

π2
0.60

π3
0.21

π4
5.10

π5
0.49

π6
0.362

π7
-4.75

π8
-0.40

π9
0.03

6.4.3 Results of characterisation of PCM-LiCl desiccant solutions
In this study, the LiCl desiccant solution with a concentration of 35% was first prepared
and the MPCMs with different mass fractions were then mixed with the LiCl desiccant
solution to prepare the PCM-LiCl desiccant solutions. The densities of different PCMLiCl desiccant solutions were then calculated using Eqs. (6.1) and (6.2) and the results
are presented in Fig. 6.7. It can be seen that the density of the PCM-LiCl desiccant
solutions decreased with the increase of the mass fraction of the MPCMs as the density
of the MPCMs was lower than that of the LiCl desiccant solution. The density of the
mixture using the MPCM DS 5038X was always lower than that using the MPCM DS
5040X which was resulted by the relatively low density of the MPCM DS 5038X. It is
noted that the density of the mixture calculated using Eq. (6.1) (Chen et al. 2008) is
applicable to homogenous fluids and the PCM-LiCl desiccant solution developed in this
study can be considered as homogenous when it is well mixed.
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Fig. 6.7 Density of the PCM-LiCl desiccant solution.
The h-T relationship of the PCM-LiCl desiccant solutions was determined using Eqs. (6.3)
and (6.4). The heating curve of the MPCM obtained from the DSC measurement was used
to evaluate the enthalpy of the MPCM. The results are presented in Fig. 6.8. The enthalpy
of the LiCl desiccant solution without MPCMs was also presented in this figure. It can be
observed that the enthalpy of the PCM-LiCl desiccant solution increased with the increase
of the solution temperature and the mass fraction of the MPCMs in the mixture. A large
increasing rate occurred in the MPCM melting temperature range of 20-27 ℃. The
enthalpy of the solution then increased almost linearly if further increasing the solution
temperature. There was not a clear difference between the use of two different MPCMs.
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a) DS 5038X

b) DS 5040X
Fig. 6.8 Enthalpy-temperature relationships of the pure LiCl desiccant solution and
PCM-LiCl desiccant solutions with different mass fractions of the MPCMs.
The thermal conductivity of the PCM-LiCl desiccant solution was calculated using Eqs.
(6.8) and (6.9) based on the composition and particle size of the MPCM determined. It is
noted that the diameter of the particles dispersed into the LiCl desiccant solution was
assumed to be the same as the volumetric average diameter of the particles. It was also
assumed that the residual of the MPCMs obtained from the thermogravimetric analysis
had the same thermal conductivity as the PCM used. The resulted thermal conductivity
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of the PCM-LiCl desiccant solutions is presented in Fig. 6.9. It can be observed that the
thermal conductivities of the PCM-LiCl desiccant solutions using the MPCM DS 5040X
and DS 5038X were very close to each other when the mass fraction of the MPCMs was
less than 20%. The thermal conductivity of the PCM-LiCl desiccant solutions decreased
with the increase of the mass fraction of the MPCMs as the thermal conductivity of the
MPCM particle was lower than that of the LiCl desiccant solution.

Fig. 6.9 Thermal conductivity of the PCM-LiCl desiccant solutions with different mass
fractions of MPCMs.
The vapour pressures of the PCM-LiCl desiccant solutions with different mass fractions
of the two MPCMs were measured using the thermogravimetric method. As the variation
in the vapour pressures of the PCM-LiCl solutions using the two MPCMs showed a
similar trend, the results of the PCM-LiCl solution using the MPCM DS 5040X under the
temperature of 50 ℃ were presented only.
During the measurement, the LiCl desiccant solution was first prepared and the
concentration of the LiCl desiccant solution was determined via a thermogravimetric
analysis test. A relatively low initial concentration of the LiCl desiccant solution (i.e.
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29.53%) was used to prepare PCM-LiCl desiccant solutions as the concentration of the
desiccant solution was expected to increase during the vapour pressure measurement due
to continuous loss of the water in the solution. The PCM-LiCl desiccant solution was then
prepared in the crucible presented in Fig. 6.2a. Table 6.3 summarises the details of the
three samples used in the test. It is worthwhile to note that the mass fraction of the MPCM
in each test sample cannot be precisely controlled during the preparation.
Table 6.3 Test samples prepared for vapour pressure measurement.
Test sample
Sample 1
Sample 2
Sample 3

Weight (mg)
49.158
57.424
54.190

Mass fraction of the MPCM
0.029
0.128
0.180

Mass fraction of the LiCl
0.288
0.258
0.243

The measurement results of the PCM-LiCl desiccant solution using the MPCM DS 5040X
under the temperature of 50 ℃ are presented in Figs. 6.10 and 6.11. The vapour pressures
of LiCl desiccant solutions without the MPCM were also presented, which were
calculated based on the same temperature condition and the same initial mass fractions of
LiCl in the desiccant solutions as those presented in Table 6.3. The vapour pressure of the
pure LiCl desiccant solution was determined using Eqs. (6.12)-(6.14). It can be seen that
the vapour pressures of the PCM-LiCl desiccant solutions of three samples continuously
decreased as a function of time. This is because the mass fractions of both MPCM and
LiCl continuously increased with time during the test due to the water loss (Fig. 6.11).
For each test sample, the vapour pressure of the PCM-LiCl desiccant solution was always
lower than that of the pure LiCl desiccant solution during the test period due to the
existence of the MPCM particles. The vapour pressure of the PCM-LiCl desiccant
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solution decreased with the increase of the mass fraction of the MPCM in the mixture.

Fig. 6.10 Variation of vapour pressure of the PCM-LiCl desiccant solutions and pure
LiCl desiccant solutions as a function of time.

Fig. 6.11 Variation of mass fractions of the MPCM and LiCl in the PCM-LiCl desiccant
solutions as a function of time.
From the above results, it can be concluded that the dispersion of MPCMs into the LD
solution can decrease the vapour pressure and increase the thermal capacity of the mixture,
which can improve the dehumidification efficiency of adiabatic dehumidifiers although
the thermal conductivity of the mixture was slightly decreased. In principle, a low solution
flow rate can be used in the LDC system when using the PCM-LiCl desiccant solution
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due to the increased thermal capacity and reduced vapour pressure. It is also expected that
the size of the dehumidifier using the new working solution can be decreased without
compromising the dehumidification performance, when compared to the dehumidifier
using pure desiccant solutions. In addition, the temperature of the inlet solution to the
dehumidifier should be optimised in order to maximise the benefits of using MPCMs in
the desiccant solution. It is also noteworthy that thermal regeneration might not be an
optimal method for LDC systems when using PCM-LiCl desiccant solutions and nonthermal regeneration methods may be required, which will be investigated in future
studies. However, the potential benefits of using PCM-LiCl desiccant solutions should be
evaluated in LDC systems by considering the influence of the MPCM particles in both
dehumidifiers and regenerators. Adding the MPCM particles into LD solutions may
increase power consumptions of the circulation pump. Meanwhile, the mass fraction of
the MPCMs in the mixture should be optimised. The long-term performance and potential
segregation of MPCM particles in the new working solution should also be examined.

6.5 Summary
This chapter presented the development and characterisation of a new phase change
enhanced working solution for liquid desiccant cooling systems. The new solution was
prepared through the dispersion of micro-encapsulated PCMs (i.e. Micronal DS 5038X
and DS 5040X) into the base fluid of the LiCl desiccant solution. The properties including
density, h-T relationship, thermal conductivity, particle size distribution, and vapour
pressure of the new solution were characterised either through direct measurement or
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theoretical analysis.
The results showed that the density of the phase change enhanced LiCl (PCM-LiCl)
desiccant solution decreased with the increase of the mass fraction of the MPCMs in the
mixture due to the lower density of the MPCMs used in comparison with the pure LiCl
solutions. The thermal capacity of the PCM-LiCl desiccant solutions was substantially
increased in the melting range of the MPCMs. The thermal conductivities of the PCMLiCl desiccant solutions using the MPCMs DS 5038X and DS 5040X were very close to
each other when the mass fraction of the MPCMs was less than 20% and the thermal
conductivity decreased with the increase of the mass fraction of the MPCMs. The vapour
pressure of the new working solution decreased due to the existence of the MPCM particle
as compared to the LiCl solution without using the MPCMs. The dehumidification
performance of adiabatic dehumidifiers could be potentially improved by using this new
working solution due to its decreased vapour pressure and increased thermal capacity,
which will be investigated in the next chapter.
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Chapter 7 Performance Investigation of Liquid Desiccant
Dehumidification Using a Phase Change Enhanced Working Solution
The properties of the phase change enhanced LiCl (i.e. PCM-LiCl) desiccant solutions
have been characterised in Chapter 6. This chapter presents an experimental investigation
on the performance of a liquid desiccant (LD) dehumidifier using the new PCM-LiCl
desiccant solutions as the working fluids under different inlet air and LD conditions. A
lab-scale test rig of an adiabatic LD dehumidifier with the counter-flow configuration was
developed. The pure LiCl desiccant solution with a LiCl mass fraction of 0.3, PCM-LiCl
desiccant solutions with PCM mass fractions of 0.02 and 0.04 respectively were used as
the working fluids. The influences of four key operating parameters, including inlet air
temperature, inlet air humidity ratio, air mass flow rate, and inlet LD temperature, on the
performance of the dehumidifier, are evaluated.
This chapter is organised as follows. The lab-scale test rig of the LD dehumidifiers is
described in Section 7.1. Section 7.2 presents the experimental setup and the performance
indicators used to evaluate the heat and mass transfer performance of the LD dehumidifier.
The results from the experiments as well as some discussions are presented in Section 7.3,
and key findings of this chapter are summarised in Section 7.4.

7.1 Lab-scale test rig for the liquid desiccant dehumidifier
The performance of a LD dehumidifier using the PCM-LiCl desiccant solution was
experimentally evaluated using a lab-scale test rig, as presented in Fig. 7.1. This test rig
mainly consisted of a packed-bed LD dehumidifier with a counter-flow configuration,
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two LD tanks (i.e. tank A and tank B), an air-cooled chiller, an environmental chamber,
an air blower and a pump. The LD was prepared and stored in the tank A and circulated
from the tank A to the distributor inside the dehumidifier. The LD was distributed on the
packing material and flowed down to the bottom of the dehumidifier and then to the tank
B, which was driven by the gravity. The LD in the tank A was cooled by a cooling coil
which was connected to the air-cooled chiller. The air flow was driven from the
environmental chamber to the dehumidifier via the air blower inside the chamber and was
then exhausted to the ambient. In this study, the dehumidification process was assumed
as adiabatic.

a) Picture of the test rig (A: Dehumidifier; B: Environmental chamber with an air
blower inside; C: Air-cooled chiller; D: Tank A; E: Tank B; and F: Pump)
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b) Schematic of the test rig
Fig. 7.1 Illustration of the lab-scale test rig for the LD dehumidifier.
The temperature of the LD at the inlet of the dehumidifier was adjusted by varying the
temperature setting of the air-cooled chiller, and the flow rate of the LD was controlled
by adjusting the opening of the regulating valve. A stirrer (see Fig. 7.1b) was used to
improve the homogeneity of the LD inside the tank as well as enhance the heat transfer
between the LD and the cooling fluid. The air temperature and humidity ratio at the inlet
of the dehumidifier were controlled by changing the temperature and relative humidity
settings of the environmental chamber. A three-way valve and two regulating valves were
used to adjust the air flow rate (see Fig. 7.1b) and such design can reduce the thermal load
of the environmental chamber and thus could improve the stability of the inlet air
conditions. A structured packing material made of Polypropylene (PP) plastic as presented
in Fig. 7.2a was used in this study due to its good anti-corrosion performance. The
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dimension of the packing material was 500 mm (height) × 400 mm (width) × 150 mm
(depth). The specific weight and the specific surface area of the packing material were
44.0 kg/m3 and 250 m2/m3, respectively. A three-dimensional schematic of the liquid
distributor installed in the dehumidifier is presented in Fig. 7.2b, which was designed to
evenly distribute the LD onto the packing material. Using nozzles could potentially
achieve a better liquid distribution than the distributor while agglomeration and blockage
of the PCM-LiCl desiccant solution were observed when using the nozzles during the trial
tests.

a) Packing material

b) Three-dimensional schematic of the liquid distributor
Fig. 7.2 Illustration of the packing material and the liquid distributor.
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7.2 Experimental setup and performance indicators
7.2.1 Test procedure and measurements
The major measurement instruments used, and their claimed uncertainties are
summarised in Table 7.1. The air temperatures at the inlet and outlet of the dehumidifier
were measured using T-type thermocouples, respectively, and the air humidity ratio was
determined using the air temperature and the air relative humidity measured by the
relative humidity sensor. The air flow rate through the dehumidifier was determined based
on the air velocity measured using the air velocity sensor and the diameter of the pipe at
the outlet of the dehumidifier was measured by the micrometre. The LD temperatures at
the inlet and outlet of the dehumidifier were measured using K-type thermocouples. The
flow rate of the LD was measured using a rotameter and the measurement was calibrated
based on the density of the LD as determined using Eqs. (6.1) and (6.2) presented in
Chapter 6. A density meter was used to determine the mass fraction of LiCl in the pure
LiCl desiccant solutions based on the correlations developed by Conde (2004). It is noted
that using the density meter to directly measure the density of the PCM-LiCl may result
in large measurement errors as the equipment was not applicable for emulsions or
suspensions (METTLER TOLEDO 2020). Therefore, a centrifuge was used to separate
pure LiCl desiccant solutions from the samples of the PCM-LiCl desiccant solution, in
order to determine the mass fraction of the LiCl in the PCM-LiCl desiccant solution.
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Table 7.1 Major measurement instruments used and their claimed uncertainties.
Instrument

Function

K-type
thermocouple
T-type
thermocouple
Relative humidity
sensor
Density meter
Air velocity sensor

LD temperature
measurement
Air temperature
measurement
Air humidity ratio
measurement
LiCl mass fraction
measurement
Air flow rate measurement

Micrometre
Rotameter

Pipe diameter measurement
LD flow rate measurement

Measurement
range
10-70 ℃
(calibrated)
10-70 ℃
(calibrated)
5%-95% RH

Measurement
uncertainty
± 1.1 ℃

0.0-2.0 g/cm3
5-35 ℃
0-10 m/s

± 0.001 g/cm3
± 0.2 ℃
0.2 m/s + 3%
of measured
value
± 0.03 mm
± 3.0% F.S

0-200 mm
60-600 L/h

± 1.1 ℃
± 1.5% RH

The PCM-LiCl desiccant solution developed in Chapter 6 and the pure LiCl desiccant
solution were used as the LDs for the experiments. The PCM-LiCl desiccant solution
using the MPCM DS 5040X was selected for the experiment due to its relatively lower
melting temperature as compared to the MPCM DS 5038X. During each experiment, the
LD was first filled in the tank A and cooled by the air-cooled chiller as a preparation step.
Meanwhile, the environmental chamber was switched on and used to pre-condition the
air inside the chamber. After the temperature of the LD inside the tank A and the air
condition inside the environmental chamber were achieved stable, the pump and the air
blower were then turned on to initiate the experiment. The measurement data were
collected for five minutes after the steady state at the outlet of the dehumidifier was
achieved. Trial tests showed that a time period of approximately ten minutes was required
before the steady state at the outlet could be achieved, which indicated that each
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experiment lasted for approximately fifteen minutes after the air blower and pump were
started. It is noted that there exist differences between the temperature setting of the aircooled chiller and the LD inlet temperature, and between the setting of the environmental
chamber and the air inlet conditions. Trial tests were implemented to identify
corresponding settings of the air-cooled chiller and the environmental chamber for desired
inlet conditions of the dehumidifier.
7.2.2 Performance indicators
The heat and mass transfer performance of the dehumidifier was evaluated using four
indicators including moisture transfer rate (MTR), cooling capacity (Qcool), moisture
transfer effectiveness (εm), and enthalpy effectiveness (εh). The moisture transfer rate
calculated using Eq. (7.1) is often used to evaluate the moisture transfer capacity of
dehumidifiers (Chen et al. 2017a). The cooling capacity was calculated using Eq. (7.2)
which represents the heat and mass transfer capacity of dehumidifiers. Moisture transfer
effectiveness was calculated using Eq. (7.3) (Wang et al. 2016), which is the ratio of the
actual humidity ratio difference between the inlet air and outlet air to the maximum
humidity ratio difference between the air and LD. Moisture transfer effectiveness is often
used to evaluate the mass transfer effectiveness of dehumidifiers. Enthalpy effectiveness
was calculated with Eq. (7.4) and used to evaluate the overall heat and mass transfer
effectiveness of dehumidifiers (Wang et al. 2016).
MTR = 𝑚̇𝑎 (𝑊𝑎,𝑖𝑛 − 𝑊𝑎,𝑜𝑢𝑡 )

(7.1)

𝑄𝑐𝑜𝑜𝑙 = 𝑚̇𝑎 (ℎ𝑎,𝑖𝑛 − ℎ𝑎,𝑜𝑢𝑡 )

(7.2)

𝑊𝑎,𝑖𝑛 −𝑊𝑎,𝑜𝑢𝑡

𝜀𝑚 = 𝑊

(7.3)

𝑎,𝑖𝑛 −𝑊𝐿𝐷,𝑖𝑛,𝑒𝑞
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ℎ𝑎,𝑖𝑛 −ℎ𝑎,𝑜𝑢𝑡

(7.4)

𝜀ℎ = ℎ

𝑎,𝑖𝑛 −ℎ𝐿𝐷,𝑖𝑛,𝑒𝑞

where the subscripts LD and eq indicate liquid desiccant and equivalent, respectively.
The uncertainties of the performance indicators were calculated using the measurement
results and determined based on the propagation of the uncertainty, as presented in Eq.
(7.5) (Moffat 1988).
𝜕𝑌

𝜎𝑡𝑜𝑡𝑎𝑙 = √[

𝜕𝑥1

𝜕𝑌

× 𝜎(𝑥1 )]2 + [

𝜕𝑥2

𝜕𝑌

× 𝜎(𝑥2 )]2 + ⋯ + [

𝜕𝑥𝑛

× 𝜎(𝑥𝑛 )]2

(7.5)

where σtotal is the combined uncertainty of a performance indicator, Y is the performance
indicator, x1, x2, …, xn are the variables used to calculate the performance indicator, and
σ(x1), σ(x2), …, σ(xn) are the uncertainties of the variables.
7.2.3 Experimental plan
The parameters and their ranges investigated in the experimental study are presented in
Table 7.2. The experimental plan was formulated by varying inlet air temperature, inlet
air humidity ratio, air mass flow rate, and inlet LD temperature once a time while
maintaining the other parameters at their baseline values. The LiCl desiccant solution
with a LiCl mass fraction (xm,LiCl) of 0.3 was used and PCM-LiCl desiccant solution was
prepared using two different levels of the PCM mass fraction (xm,PCM), i.e. 0.02 and 0.04.
The variation ranges of the inlet air conditions were determined based on previous studies
(Dong et al. 2017; Liu et al. 2006a; Liu et al. 2006b) and a relatively low value was used
as the baseline of the inlet air humidity ratio (Wa,in) to prevent air condensation when the
temperature was low. The range of the inlet LD temperature (TLD,in) was determined based
on the phase change temperature range of the PCM as measured in Chapter 6. The air
flow rate was varied by changing the air-to-liquid ratio while the LD flow rate was
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maintained constant.
Table 7.2 Parameters used in the baseline design and their variation ranges.
Parameter

Value

Parameter

MPCM
LiCl mass fraction
PCM mass fraction

DS 5040X
0.3
{0, 0.02,
0.04}
0.033

Inlet air temperature
(℃)
Inlet air humidity ratio
(g/kg)
LD inlet temperature
(℃)
Air mass flow
rate(kg/s)

LD mass flow
rate(kg/s)

Baseline Variation
range
30
[25, 35]
14

[12, 20]

22

[18, 26]

0.012

[0.008,
0.016]

7.3 Results from the experimental tests
7.3.1 Verification of the measurement and test rig
To verify the effectiveness of the test procedure introduced in Section 7.2.1, trial tests of
the density measurement were implemented used to measure the LiCl mass fraction of
PCM-LiCl desiccant solutions at the outlet of the dehumidifier. PCM-LiCl desiccant
solutions with known mass fractions of the compositions were first prepared and then
processed by the centrifuge at a speed of 1000 rpm for five minutes. The measurement
results are presented in Table 7.3. It can be seen that the relative difference between the
LiCl mass fraction before mixing with the PCM and after the separation process can be
negligible, and the mass fraction of LiCl could be effectively measured using this method.
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Table 7.3 Measured density of LiCl solution and calculated mass fraction of LiCl before
mixing with PCM and after the separation process.
Test No
Density, g/cm3 (before)
Density, g/cm3 (after)
LiCl mass fraction, wt. (before)
LiCl mass fraction, wt. (after)
Mass fraction relative difference

#1
1.1738
1.1734
29.07%
29.02%
-0.17%

#2
1.1861
1.1863
30.90%
30.95%
0.16%

#3
1.1799
1.1805
30.02%
30.08%
0.20%

#4
1.1725
1.1720
28.93%
28.90%
-0.10%

#5
1.1692
1.1688
28.36%
28.42%
0.21%

The energy balance between the air flow and the LD flow was used to verify the
effectiveness of the lab-scale test rig. The comparison between the air enthalpy change
and LD enthalpy change using the pure LiCl desiccant solution and the PCM-LiCl
desiccant solution is presented in Fig. 7.3. It can be observed that deviations between the
air enthalpy change and the LD enthalpy change were less than 15% under most of the
circumstances. Similar deviations were observed and accepted in previous studies (Zhang
et al. 2018; Wang et al. 2016), which indicated that the dehumidifier could be considered
as adiabatic and the effectiveness of the test rig can be verified.

Fig. 7.3 Enthalpy change rates of air and LD.
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7.3.2 Experimental results and discussions
The experiments were implemented based on the experimental plan presented in Table
7.2. The test results of the dehumidifier using the pure LiCl desiccant solution and the
PCM-LiCl desiccant solution by varying the inlet air temperature are presented in Fig.
7.4. It can be seen that the moisture transfer effectiveness and the moisture transfer rate
were reduced with the increase of the inlet air temperature while the cooling capacity was
increased due to the improved sensible heat transfer between the air and the LD. The
variation of the enthalpy effectiveness with the increase of the inlet air temperature was
not significant due to the deteriorated mass transfer and the improved sensible heat
transfer. The four indicators, as presented in Fig. 7.4 were all improved when using the
PCM-LiCl desiccant solution, as compared to that using the pure LiCl desiccant solution.
A larger improvement was achieved when using a higher mass fraction of the PCM. It
can be also observed that the decreasing trends of the moisture transfer rate with the
increasing inlet air temperature under different PCM mass fractions (see Fig. 7.4a) were
almost parallel while the improvement in the moisture transfer rate by using the PCM was
slightly reduced when a relatively high inlet air temperature was used. Similar trends were
also observed in Figs. 7.4b and 7.4c for the cooling capacity and the moisture transfer
effectiveness, respectively.
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a) Moisture transfer rate

b) Cooling capacity

c) Moisture transfer effectiveness

d) Enthalpy effectiveness

Fig. 7.4 Experimental results when varying the inlet air temperature.
The experimental results when varying the inlet air humidity ratio are presented in Fig.
7.5. It can be observed that the moisture transfer effectiveness and cooling capacity were
significantly increased, and the moisture transfer effectiveness was sustainably increased
with the increase of the inlet air humidity ratio, while the change of the enthalpy
effectiveness was not significant. The mass transfer driving force between the air flow
and the LD was improved with the increasing inlet air humidity ratio. The improvement
in the cooling capacity was less significant than that of the moisture transfer rate which
was resulted by the latent heat release from the dehumidification process. The use of the
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PCM-LiCl desiccant solution improved the performance of the dehumidifier, while the
improvement ratio was decreased with the increase of the inlet air humidity ratio. A higher
performance improvement was achieved when using the PCM-LiCl desiccant solution
with a PCM mass fraction of 0.04 than that of 0.02.

a) Moisture transfer rate

b) Cooling capacity

c) Moisture transfer effectiveness

d) Enthalpy effectiveness

Fig. 7.5 Experimental results when varying the inlet air humidity ratio.
The experimental results when varying the air mass flow rate are presented in Fig. 7.6.
The moisture transfer rate and the cooling capacity were both increased with the increase
of the air mass flow rate while the moisture transfer effectiveness and enthalpy
effectiveness were both reduced due to the decreased contact time between the air flow
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and the LD, and the similar results were also observed in a previous study (Wang et al.
2016). The improvement effect on the cooling capacity and the enthalpy effectiveness of
using the PCM-LiCl desiccant solution was compromised when a high air mass flow rate
was used (see Figs. 7.6b and 7.6d), which was potentially resulted by the overheating of
the PCM-LiCl desiccant solution. However, a substantial improvement in the moisture
transfer rate and the moisture transfer effectiveness was still achieved (see Figs. 7.6a and
7.6c). This indicated that the performance improvement could be potentially resulted by
the joint effect of the reduced vapour pressure (see Fig. 6.10) and the increased heat
capacity of the PCM-LiCl desiccant solution, in comparison to that of using the pure LiCl
desiccant solution.

a) Moisture transfer rate

b) Cooling capacity
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c) Moisture transfer effectiveness

d) Enthalpy effectiveness

Fig. 7.6 Experimental results by varying the air mass flow rate.
The experimental results when varying the inlet LD temperature are presented in Fig. 7.7.
The moisture transfer rate and the cooling capacity both decreased with the increase of
the inlet LD temperature as the vapour pressure of the LD increased with the increase of
the LD temperature thereby decreased the mass transfer potential. The influence of the
LD temperature on the moisture transfer effectiveness and the enthalpy effectiveness was
not evident, and the similar results were also observed in previous studies (Gao et al. 2012;
Oberg and Goswami 1998). It is also noted that the uncertainty of the moisture transfer
effectiveness and the enthalpy effectiveness was substantially increased with the increase
of the inlet LD temperature due to the drastically decreased heat and mass transfer rate
between the air flow the LD. The results in Fig. 7.7a and Fig. 7.7b showed that the
improvement of using the PCM-LiCl desiccant solution was much less significant when
the inlet LD temperature was as high as 26 ℃ because the PCM was almost fully melted.
It is noted that performance improvements were still achieved by using the PCM-LiCl
desiccant solution with a high inlet liquid desiccant temperature. This could be potentially
explained by the results presented in Figs. 6.10 and 6.11, which showed that the vapour
pressure of the PCM-LiCl desiccant solution was decreased by adding the MPCM thereby
improved the mass transfer between the liquid desiccant and air.
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a) Moisture transfer rate

b) Cooling capacity

c) Moisture transfer effectiveness

d) Enthalpy effectiveness

Fig. 7.7 Experimental results by varying the inlet LD temperature.
The results presented above showed that substantial performance improvement can be
achieved by using the PCM-LiCl desiccant solution as compared to the use of the pure
LiCl desiccant solution. The highest relative increase of moisture transfer rate, i.e. 22.3%,
was achieved when the inlet air humidity ratio was 12.0 g/kg (see Fig. 7.5a) and the PCM
mass fraction was 0.04. The average improvements of all experimental cases were 7.1%
and 13.8% when PCM mass fractions were 0.02 and 0.04, respectively (see Figs. 7.4-7.7).
It is also noted that the performance improvement could be negatively influenced when
the PCM-LiCl desiccant solution was not adequately cooled before entering the
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dehumidifier or the PCM-LiCl was overheated inside the dehumidifier, indicating that the
inlet conditions of the LD should be optimised during the operation to maximise the
benefits of using the PCM.
The PCM-LiCl desiccant solution showed great potential as the working fluid of LD
cooling systems. However, a few issues still need to be resolved. The residuals of PCM
on the packing material (see Fig. 7.8a) were observed after the experiments. This could
be potentially resulted by the liquid holdup on the packing material which commonly
occurs in packed-bed heat and mass exchangers. A close look of the packing material (see
Fig. 7.8b) also showed that PCM was mainly blocked by the gaps between the packing
material and the internal wall of the dehumidifier. This means that the residual could
potentially be alleviated by tightly pressing the packing material onto the internal walls.
During the trial tests, the highest flow rate of the PCM-LiCl desiccant solution could be
achieved was significantly reduced when using a PCM mass fraction of approximately
0.1, probably due to the increased viscosity of the fluid with the increase of the PCM mass
fraction (Wang et al. 2007; Yamagishi et al. 1999). Moreover, the blockage in the pump
and flow meter were also observed when using the PCM-LiCl with a PCM mass fraction
of 0.1. Therefore, the mass fraction of the PCM should be optimised. Investigations on
rheological properties of the PCM-LiCl desiccant solutions are also required.
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a) Overall

b) Close look

Fig. 7.8 Pictures of the packing material after experiments.
7.4 Summary
This chapter presented the experimental investigation of a liquid desiccant (LD)
dehumidifier using pure LiCl desiccant solutions and PCM-LiCl desiccant solutions as
the working fluids. The dehumidifier employed a counter-flow configuration and a
structured packing material. A lab-scale test rig was developed to evaluate the
performance of the dehumidifier by varying the inlet conditions of the dehumidifier
including the air temperature, the air humidity ratio, the air flow rate, and the LD
temperature. The pure LiCl desiccant solution with a LiCl mass fraction of 0.3 was used
and the PCM-LiCl desiccant solutions were prepared by mixing the LiCl solution and
PCM (i.e. MPCM DS 5040X) with mass fractions of 0.02 and 0.04, respectively.
The experimental results showed that the moisture removal performance of the LD
dehumidifier using the PCM-LiCl desiccant solution was substantially increased by
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adding the PCM as compared to that using the pure LiCl desiccant solution at the same
mass fraction of LiCl. The highest relative improvement of moisture transfer rate
achieved in the experiments was 22.3% when the PCM mass fraction was 0.04. The
results also showed that the performance improvement of using the PCM was influenced
by the inlet LD temperature and the heat and mass transfer between the air flow and the
LD. The inlet temperature of the PCM-LiCl desiccant solution to the dehumidifier should
be carefully determined to avoid the compromise on the performance improvement
resulted by the overheating of the solution. The findings obtained in this study could be
used to guide the use of PCM-LiCl desiccant solution as the working fluid of liquid
desiccant cooling systems.
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Chapter 8 Conclusions and Recommendations
This thesis presented the development, performance assessment and optimisation of
desiccant cooling enhanced by phase change materials (PCMs). Two different approaches
were developed to improve the performance of desiccant wheel cooling (DWC) systems
and liquid desiccant cooling (LDC) systems by using PCMs, respectively. A DWC system
using a hybrid photovoltaic/thermal-solar air collector (PV/T-SAC) for thermal energy
and electricity generation and an air-based PCM thermal energy storage (TES) unit was
developed. A simulation system of the proposed system was developed using TRNSYS
and the technical feasibility of using the PCM TES unit to assist in regenerating the
desiccant wheel (DW) was investigated. An energy and exergy analysis was implemented
based on annual simulations in order to evaluate the influence of the key design
parameters on the energy and exergy performance of the system. A simulation-based
design optimisation strategy was further developed to identify the optimal design of the
proposed system. A phase change enhanced Lithium Chloride (PCM-LiCl) desiccant
solution was developed as the working fluid of LDC systems. The properties of the PCMLiCl desiccant solution were characterised either through direct measurement or
theoretical analysis. The performance of an adiabatic liquid desiccant dehumidifier using
the PCM-LiCl desiccant solution was evaluated via experimental investigations. The key
findings of this thesis are summarised as follows.

8.1 Summary of key findings
8.1.1 Development and modelling of a desiccant wheel cooling system with integrated
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thermal energy storage and photovoltaic/thermal-solar air collectors
A simulation system for the DWC system with integrated PV/T-SAC and PCM TES unit
was developed using TRNSYS. The feasibility of using the thermal energy stored in the
PCM to regenerate the DW was evaluated based on a Solar Decathlon house in terms of
solar thermal contribution (STC), supply air temperature unsatisfied (SATU) factor and
supply air humidity ratio unsatisfied (SAHRU) factor. The response surface method
(RSM) was used to identify the near-optimal combination of the key parameters of the
PV/T-SAC and the PCM TES unit under different regeneration temperatures. The main
findings are as follows.
•

The STCs of using the hybrid PV/T-SAC and PCM TES unit to drive the
regeneration of the DWC system were 100%, 96.5% and 82.6% under different
regeneration temperatures of 60 ℃, 65 ℃ and 70 ℃, respectively.

•

The sensible cooling load can be fully satisfied under three scenarios studied (i.e.
regeneration temperatures of 60 ℃, 65 ℃ and 70 ℃) and the SAHRU factor was
decreased from 24.2% to 6.0% when the regeneration temperature increased from
60 ℃ to 70 ℃.

8.1.2 Energy and exergy analysis of a desiccant wheel cooling system with integrated
thermal energy storage and photovoltaic/thermal-solar air collectors
A parametric study was implemented to evaluate the influence of the key design
parameters on the system performance in terms of STC, specific net electricity generation
(SNEG), and the exergy destructions of individual components and the overall system.
The interactions among these parameters were investigated using the RSM.
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•

The exergy destruction of the overall system was mainly contributed by the PV/TSAC due to the fact that high-quality solar radiation was converted into low-grade
thermal energy and a relatively small amount of electricity.

•

The electric heater also contributed a larger part of the exergy destruction,
indicating that energy-efficient heating methods such as heat pumps might further
improve the exergy performance of such systems. However, it would also increase
the initial investment of the system.

•

The exergy performance and energy performance of the overall system were
significantly influenced by the length and PV factor of the PV/T-SAC. The energy
performance was substantially influenced by the DW thickness and the total
amount of the PCM used.

•

Nonlinear interactions among the key design parameters were observed under the
most test cases in terms of the SNEG of the system.

8.1.3 Life cycle analysis and optimal design of a desiccant wheel cooling system with
integrated thermal energy storage and photovoltaic/thermal-solar air collector
A simulation-based design optimisation strategy which combined integer-based genetic
algorithm and the response surface method (IGA-RSM) was developed and the optimal
design of the DWC system with integrated PV/T-SAC and PCM TES unit was identified.
The twenty-year life cycle cost (LCC) of the system was used as the objective function
of the optimisation. The influence of four economic factors, i.e. PV/T price, PCM price,
electricity purchase price and electricity sale price on the optimal design and LCC of the
system was also investigated.
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•

The system LCC using the optimal design was reduced by 32.4% and 31.2% and
the initial investment of the system was reduced by 34.8% and 29.0%, as
compared to the systems using two baseline designs, respectively.

•

The PCM TES unit should be properly sized and the auxiliary heating devices
should be used to minimise the LCC of the system.

•

The optimisation results were mostly influenced by the electricity sale price and
significant economic benefits could be achieved when high solar feed-in tariffs
are available.

8.1.4 Characterisation and evaluation of a new phase change enhanced working solution
for liquid desiccant cooling
The PCM-LiCl desiccant solution was prepared by mechanically dispersing microencapsulated PCMs (i.e. Micronal DS 5038X and DS 5040X) into the base fluid of the
LiCl desiccant solution. The properties including density, h-T relationship, thermal
conductivity, particle size distribution, and vapour pressure of the PCM-LiCl desiccant
solution were characterised.
•

The density of the PCM-LiCl desiccant solution decreased with the increase of
the mass fraction of the MPCMs in the mixture due to the lower density of the
MPCMs as compared to the pure LiCl solutions. The thermal conductivities of the
PCM-LiCl desiccant solutions using the MPCMs DS 5038X and DS 5040X were
very close to each other when the mass fraction of the MPCMs was less than 20%
and the thermal conductivity decreased with the increase of the mass fraction of
the MPCMs.
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•

The thermal capacity of the PCM-LiCl desiccant solutions was substantially
increased in the melting range of the MPCMs. The vapour pressure of the new
working solution decreased due to the existence of the MPCM particle as
compared to the LiCl solution without using the MPCMs.

•

The decreased vapour pressure and increased thermal capacity of the PCM-LiCl
indicated that potential improvement on the heat and mass transfer performance
could be achieved for adiabatic dehumidifiers, by replacing the pure LiCl
desiccant solution with the PCM-LiCl desiccant solution.

8.1.5 Performance investigation of liquid desiccant dehumidification using a phase
change enhanced working solution
A lab-scale test rig of an adiabatic packed-bed dehumidifier with a counter-flow
configuration was developed. The performance of the dehumidifier using the pure LiCl
desiccant solution and the PCM-LiCl desiccant solution was evaluated. The pure LiCl
desiccant solution with a LiCl mass fraction of 0.3 was used and the PCM-LiCl desiccant
solutions were prepared by mixing the LiCl solution and PCM (i.e. MPCM DS 5040X)
with mass fractions of 0.02 and 0.04, respectively.
•

The experimental results showed that the moisture removal performance of the
liquid desiccant dehumidifier using the PCM-LiCl desiccant solution was
substantially increased by adding the PCM. The highest relative improvement of
the moisture transfer rate achieved in the experiments was 22.3% when the PCM
mass fraction was 0.04.

•

The results also showed that the performance improvement of using the PCM was
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influenced by the inlet liquid desiccant temperature and the heat and mass transfer
between the air flow and the liquid desiccant.
•

The inlet temperature of the PCM-LiCl desiccant solution to the dehumidifier
should be carefully determined to avoid the compromise on performance
improvement resulted from the overheating of the solution.

8.2 Recommendations for future work
A design optimisation strategy was developed and applied to the DW with integrated
PV/T-SAC and PCM TES unit. Development of advanced control strategies such as
model predictive control would be an interesting topic to further improve the overall
performance of the integrated system.
PCM-LiCl desiccant solutions were developed in this study. Further investigation of heat
and mass transfer mechanisms inside dehumidifiers using the PCM-LiCl desiccant
solution will provide additional insights for system optimisation.
The performance of a liquid desiccant regenerator as well as a LDC system using the
PCM-LiCl desiccant solution is worthwhile to be investigated and experimentally tested.
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